Technical  K«p«rt  OocimitntofiM  P«9« 

3.  R*<ip  *nf  *  C«U»i«(|  No.  — — -n 


5  P»po'i  O©*© 

April  1984 

6.  0 'goni  >o*>on  Cod# 

0  P«*letmin(  R©po'»  No 


10  W©»h  U«.»  No  'TRAl$) 

I  1  Contract  O'  Cron*  No 

DTFA01-83-Y-10556 

13  T  yp#  of  R#pO'«  or>4  Ponod  C©v©*©d 

Final  Report 

July  1980  -  April  1984 

Id  Sponsoring  AgonCy  Cod# 


1.  ft#po»*  No  2  Oo*#>n«*)#n«  Aec#»*<on  No  3.  P#<ip»pn*'*  Catalog  N© 

FAA-EE-84-1 4  .  w  ^  ^ 

ESL-TR-84-lf. _ _ _ _ /H>  ‘/tm?  P'S  3 _ _ _ 

4  Tift©  ond  &wb*«fl#  V  Popo'l  Oo*# 

Impact  of  Aircraft  Emissions  on  Air  Quality  In  the  April  1984 _ 

Vicinity  of  Airports  6  p*i.-,.,o,h-„,1,ww. 

i  Volume  IV:  Nitrogen  Dioxide  and  Hydrocarbons  _ 

|  _  _  _ _ _ 0  P •» forming  0'f«flno*'On  Ropon  No 

7  *«*«•■•'  Kenneth  L.  TTrubaker~  Mehul  have , 
j  Ronald  J.  Wingender,  Richard  D.  Flotard 

9  0’g^>ta'>an  Nami  and  Add'ati  10  We»b  Unit  No  {THAIS) 

|  Argonne  National  Laboratory  _ 

]  Energy  and  Environmental  Systems  Division  7f  Contract  Or  CronTNo  J 

9700  S.  Cass  Avenue  DTFA01-83-Y-10556 

|  Argonne,  Illinois  60439  _ ~3  T,p.  .i  on6  p.„oi  Co..-od 

|  12  Sponsoring  Agoncy  Non#  ond  Addr#»»  Final  Report 

i  1 s-  D«Pa«“>«nt  Transportation  i980  _  n  ^ 

j  Federal  Aviation  Administration 

,  Office  of  Environment  and  Energy  71  taring  Ag#nC  y  Cod©  I 

Washington,  D.C.  20591 

15  Se**l....n...,  No...  Thjs  work  was  alsQ  8upported  by. 

U.S.  Air  Force 

Engineering  Services  Laboratory 

Tyndall  Air  Force  Base.  Florida  324Q3 - - 

16  Ab.i.oc’ 

TM.  report  document*  the  result*  of  thrae  relatad  studlas  conducted  to  asaaaa  the  tapoct  of  aircraft 
aaiaaiona  of  nitrogen  oxide*  0*0,,)  and  hydrocarbon*  (Sc)  on  air  quality.  Th#  flrat  atudy  conalatad  of  a  flald 
profree  carried  out  at  O'Hare  International  Airport  and  an  aaaoclatad  node!  davelopaant  program,  the  purpoaea  of 
which  wara  to  aaecai  the  effect  of  aircroft  SO  aaiaaiona  on  aablant  1-hour  concent  rat (one  of  nitrogen  dioxide 
(S0j)  and  to  provide  a  dlaparalon  aodal  suitable  for  the  prediction  of  Pueh  concent  rat  Iona.  The  aacond  atudy 
involved  the  collection  and  laboratory  onalyala  of  sample*  of  hydrocarbone  in  aablant  air  contaalnatad  by  Jet 
aircraft  eahauat.  together  with  a  determination  of  the  type  and  relative  aaounta  of  the  varloue  hydrocarbone 
detected.  The  third  atudy  conalatad  of  an  analysis,  baaed  on  aeoilahlo  data  in  the  literature,  of  the  potential 
pcUe-ot  TfTcrafl  hydrocarbon  eat  ret  one  in  the  production  of  photochemical  aaog. 

The  reeulte  of  the  0‘Hare  field  monitoring  prograa  Indicate  that  NO^  concent  rat  Iona  in  aircraft  pluaaa 

depend  on  the  ealeslon  ratea  of  both  nlttl-  oslA*  (SO)  end  SDj  from  jet  engine*  and  on  the  concentration  of  of  one 

(Oj)  in  the  oablent  air.  The  ratio  of  NO^  to  SO  In  Jet  angina  aaiaaiona  vaa  aatiaatad  to  he  7*2t  boaed  on  flald 

data.  T1.e  ambient  oione  concentration  la  the  moat  Important  factor  for  plume  travel  tlaea  in  exceaa  of  one 

minute,  vlth  the  HOj  emleelon  rete  moet  important  for  troeal  tiaaa  laaa  than  one  minute.  The  maximum  plume  HOj 
concent  rat  tone  observed  wart  on  the  order  of  0.12  ppm.  The  maximum  obearved  contribution  of  aircraft  amiaalona  to 
o  I  -hour  NO,  concent  i  at  1  on  vaa  0.013  ppm.  The  result#  indicate  that  a  photoatationary  state  involving  SO,  NO,, 
and  0y  exist*  in  aircraft  plum**.  Th*  1-hour  NO,  modal  performed  satisfactorily,  although  th*  need  for  a  batter 
understanding  of  plum*  rloe  and  the  rat*  of  growth  of  }*t  aircraft  takeoff  plum**  was  clearly  teen. 

The  hydrocarbon  sampling  result*  Identified  un burned  fuel  at  th*  primary  organic  constituent  of  exhaust 
from  taxiing  and  queuing  aircraft.  A  detailed  chemical  characterisation  of  th*  hydrocarbon*  in  aablant  aaaplo*  a* 
well  at  in  a  sample  of  jot  fuel  1*  given. 

-<*he  available  literature  dealing  with  th*  laaua  of  aircraft  contribution*  to  photochemical  amog  ha*  been 
reviewed  and  1*  discussed.  At  present,  the  available  information  i*  insufficient  to  evaluate  the  effect 
quantitatively.  The  requirement*  for  further  work  that  would  enable  a  quantitative  evaluation  to  bo  mods  or* 
discussed. 


17,  Key  We«ds 

Aircraft  Emissions 
Dispersion  Modeling 
Nitrogen  Oxides 

Air  Qusllty  lapse t  of  Aviation 


If.  W«©r»fy  C (•••<*.  (©1  *♦»*•  * 

Unclass if lad 


II.  DiitiiMifl  Snimmn 

This  docuasnt  Is  available  to  the  public 
through  the  National  Technical 
Information  Service,  Springfield, 

VA  22161 


30.  Soctfftty  CUoOif.  (©<  »♦*<•  »•#•) 

21.  Ne.  el  Nape* 

Uncleeslf led 

151 

Fern  DOT  F  1700.7  (•-«) 


Nap  reduction  el  cetnpleled  page  ewtherlted 


ARGONNE  NATIONAL  LABORATORY 
9700  S.  Casa  Avenue 
Argonne,  Illinois  60439 


IMPACT  OP  AIRCRAFT  EMISSIONS  ON  AIR  QUALITY 
IN  THE  VICINITY  OP  AIRPORTS 

VOLUME  IV 

NITROGEN  DIOXIDE  AND  HYDROCARBONS 


PINAL  REPORT 


by 

Kenneth  L.  Brubaker,  Mehul  Davt,  Ronald  J.  Wingender, 
and  Richard  D.  Plotard 
Energy  and  Environmental  Systems  Division 


April  1984 


prepared  for 

U.S.  Department  of  Transportation 
Federal  Aviation  Administration 
Office  of  Environment  and  Energy 
under  Interagency  Agreement  DTFA01-83-Y-lQ§56 


CONTENTS 


KM'  - 


I 


PREFACE . . . . . .  vli 

1  INTRODUCTION .  I 

2  NITROGEN  DIOXIDE  FIELD- MEASUREMENT  PROGRAM .  3 

2.1  Data  Collection  and  Processing . . .  3 

2.1.1  Siting,  Instrumentstlon,  and  Measurement  History . .  3 

2.1.2  Syate*  Characterisation.. . . . .  14 

2.2  Data  Analyala  and  Reaults....... . . .  28 

2.2.1  Ambient  Photostat lonary  State  and  Pyranometer 

Cal  lbratlon . . . . . . .  28 

2.2.2  Aircraft-Plume  Photoatatlonary-State  Verification . .  32 

2.2.3  Eetlaatlon  of  N02/N0x  Emission  Ratios .  37 

2.2.4  Relative  Significance  of  Direct  NO2  Emissions 

and  Chemical  Conversion  of  NO . . . . .  39 

2.2.3  One-Hour  N0X  and  NO2  Dosages .  39 

3  NITROGEN  DIOXIDE  MODEL  DEVELOPMENT .  43 

3.1  Basic  Design  and  Formulation . . . 43 

3.1.1  Treatment  of  Source  Emission  Charecterlstlcs. .  43 

3.1.2  Treetment  of  Initial  Jet-Plume  Effects..... .  47 

3.1.3  Treatment  of  Chemistry....... .  34 

3.1.4  Treatment  of  Transport  and  Dispersion .  61 

3.1.3  Adjustment  of  Model  Parameters.......... . .  63 

3.1.6  Determination  of  Dispersion  Coefficients  and 

Plume  Rise.............. . 68 

3.2  Model  Validation  for  One-Hour  Predictions..... . . .  82 

3.2.1  Multiple-Plume  Model  Description . . . .  82 

3.2.2  Multiple-Plume  Model  Validation.. .  84 

3.3  Model  Applicability  and  Limitations.. . 88 

4  AIRCRAFT  HYDROCARBON-EMISSION  CHARACTERIZATION . . .  91 

4.1  Introduction.... . . . 91 

4.2  Materials  and  Methods........ . 91 

4.3  Sampling  Protocol......................... .  93 

4.4  Results  and  Dlacusalon....... . 93 

4.5  Conclusions....... . 109 

5  AIRCRAFT  EMISSION  EFFECTS  ON  PHOTOCHEMICAL  SMOG .  Ill 

5.1  Discussion . Ill 

5.2  Further  Research  Requirements . 119 


| 


* 


i 

1 

I 


in 


6  SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS .  121 

6.1  Nitrogen  Dioxide  Effects  and  Modeling  of  Takeoff  Emissions........  121 

6.2  Hydrocarbon  Emission  Composition . 125 

6.3  Effects  on  Photochemical  Smog . . . 126 

REFERENCES .  127 

APPENDIX  1:  NO-NO2-O3  Chemical  Dynamics  in  Homogeneous  Mixtures . .  133 

APPENDIX  2:  Different  Methods  of  Averaging  and  Computing  Variances 

of  Wind  Velocity  Vectors .  137 

APPENDIX  3:  Instrument  Response  Effects .  163 

REFERENCES .  151 

TABLES 

2.1  Instrument  Ranges  and  Data  Conversion  Parameters .  11 

2.2  Selected  Instrument-Response  Parameter  Values . 19 

2.3  Relative  Instrument  Time  Lags  as  Determined  by  Time 

Sequence  Analysis . 20 

2.6  Monitor  Labs  N0X  —  TECO  N0X  Cross-Calibration  Results .  22 

2.5  Amblent-Photostatlonary-State  Analysis  Periods .  30 

2.6  Plume-Photo8tatlonary-State  Analysis  Periods . 36 

3.1  N0X  Emission  Rates  of  Aircraft  Engines . 66 

3.2  Aircraft  Takeoff  Parameters.... . 66 

3.3  727  Analysis  Plumes . 69 

3.6  DC-10  Analysis  Plumes . 70 

3.5  Default  Aircraft-Takeoff  Frequency  Distribution . . .  83 

3.6  One-Hour  Validation  Periods  and  Results . 85 

6.1  Hydrocarbon  Emission  Rates  of  Aircraft  Engines . 92 

6.2  Detailed  Chemical  Characterization  of  Atmospheric  and 

Jet-Fuel  Samples . 102 

6.3  Summary  of  Number  of  Identified  Compounds  by  Hydrocarbon  Type .  108 

5.1  Aircraft  Emissions  as  Percentages  of  the  Alrport/Air-Base 

Totals .  115 

5.2  Annual  Aircraft  Hydrocarbon  and  N0X  Emissions  at  Selected 

Airports/Air  Bases . 116 

5.3  Aircraft  Emissions  as  Percentages  of  AQCR  Totals . 117 


FIGURES 


2.1  Chicago  O'Hare  Runway/Taxlway  Plan  and  Alr-Monltoring- 

Laboratory  Site..... . . . .  4 

2.2  Field-Program  Measurement  History........................ . 8 

2.3  Julian  Date/Calendar  Date  Correspondence...... .  10 

2.4  Instrument-Response  Experimental  Setup . 15 

2.5  Instrument  Response  Data  for  Experiment  Seven .  17 

2.6  Julian  Day  303,  Two- Minute  Average  Data.... .  24 

2.7  Julian  Day  303,  1400-1600  Hours,  Three-Second  Average  Data .  25 

2.8  Julian  Day  303,  1454:35-1455:55  Raw  Data .  26 

2.9  Julian  Day  303,  1454:35-1455:55  Data  After  Processing . 27 

2.10  Effective  N02  Photolysis-Rate  Coefficient  Versus  Solar  Intensity....  31 

2.11  Aircraft-Plume  Photostationary  State  Check .  35 

2.12  Relative  Importance  of  HO  +  0j  Reaction  in  Aircraft  Plumes.. .  40 

2.13  Aircraft  N0X  Dose  Versus  Number  of  Takeoffs .  42 

2.14  Aircraft  N02  Dose  Versus  Humber  of  Takeoffs . 43 

3.1  Schematic  Jet-Exhaust  Plume . . . 49 

3.2  Jet-Exhaust-Pluae  Geometry......... .  53 

3.3  Temperature  Dependence  of  NO  ♦  O3  Reaction-Rate  Coefficient.........  56 

3.4  N02-NO-03  Photostat lonary  State  Relaxation  Time. . 59 

3.5  Rack  Trajectory  for  727  Plume  No.  4 .  72 

3.6  Rack  Trajectory  for  DC- 10  Plume  No.  11... . 73 

3.7  Dependence  of  Plume  Width  on  Travel  Time . .  76 

3.8  <rh/uD  Versus  Travel  Time .  78 

3.9  Predicted  Versus  Observed  One-Hour  N0X  Dosages .  86 

3.10  Predicted  Versus  Observed  One-Rour  N02  Dosages .  87 

4.1  Hydrocarbon  Sampling  Sites,  January  9,  1981. . 94 

4.2  Total  Ion  Chromatograms  for  O'Hare  Samples  of  January  9,  1981 

and  for  a  Liquid  Jet-Fuel  Sample... . . . .  95 

A2.1  Vectors  Used  in  the  Computation  of  Variances........ . 140 

A3.1  Instrument  Response  to  a  Gaussian  Pulse  Input........ .  146 


DTIC 


Accession  Y or 

NTIS  GRAAI 
DTIC  TAS-; 

Unannounced 
Justification — 

By - 

Distribution/ 


t 

n 


Availability  Codes 
|Avall  and/or 
Speolal 


Dlat 


(L 


qrPROfWirfO  AT  r.OVf RNMFNT  FvPFNSf 


\ 

I 


PREFACE 


This  report  constitute*  Volume  IV  In  the  eerie*  of  report*  entitled 
Iapact  of  Aircraft  Emissions  on  Air  Quality  In  the  Vicinity  of  Airport*. 
Volume*  HI  end  IV  In  this  series  summarise  work  performed  under  interagency 
Agreement  DTFAQ1-83-J4-1O056,  between  the  U.S.  Department  of  Energy /Argonne 
National  Laboratory  and  the  U.S.  Department  of  Transportation/Federal  Aviation 
Administration.  This  project  was  partially  funded  by  the  USAF,  Headquarters 
Air  Force  Engineering  and  Services  Center,  Tyndall  APB,  Fla.  32403  through  a 
19SI  Memorandum  of  Understanding  between  the  USAF  and  FAA.  The  project 
officer  was  Mr.  Howard  M.  Segal,  Office  of  Environment  amd  Energy,  FAA. 

The  two  companion  volumea  are  entitled: 

Vol .  Ill  -  Air  Quality  and  Emission  Modeling  Heeds 
Vol.  IV  -  Nitrogen  Dioxide  end  Hydrocarbons 
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I  INTRODUCTION 


For  several  years,  the  effects  of  aircraft  on  air  quality  have  been  the 
subject  of  a  variety  of  research  programs  involving  both  field-measurement 
programs  and  computer  model  development,  validation,  and  assessment  work. 
Historically,  the  principal  effort  has  gone  into  studies  involving  pollutants 
that  are  relatively  Inert  and  that  may  be  easily  measured  in  the  field.  Thus, 
field  programs  focused  on  pollutants  such  as  carbon  monoxide  (CO),  oxides  of 
nitrogen  |N0X;  by  convention,  the  N0X  concentration  is  defined  as  the  sum  of 
the  concentrations  of  nitrogen  dioxide  (NO2)  and  nitric  oxide  (NO)],  and  total 
hydrocarbon  (THC)  and/or  non-methane  hydrocarbon  (NMHC).  For  a  historical 
survey  of  airport  air-quality  studies  through  July,  1980  and  references  to 
earlier  work,  see  Yamartino  et  si.,  (1980a)  or  Segal  (1981).  In  addition,  an 
international  conference  on  air  quality  and  aviation  was  held  in  1978.  The 
proceedings  of  this  conference  (Sundararaman,  1978)  contain  many  interesting 
papers  and  may  be  regarded  as  a  review  of  the  state  of  the  art  at  that  time. 
In  these  studies,  measurements  were  occasionally  made  of  both  N0X  and  NO, 
although  the  measurements  were  often  made  in  such  a  way  that  estimation  of  the 
corresponding  NO2  concentration  by  difference  was  a  rather  uncertain 
procedure.  Essentially  no  detailed  information  was  obtained  from  these 
programs  on  the  chemical  composition  of  the  hydrocarbons  emitted  by  aircraft. 

Modeling  studies  also  reflected  the  emphasis  on  relatively  inert 
pollutants.  The  bulk  of  the  BtudleS  involved  the  development,  refinement, 
validation,  and  utilization  of  models  such  as  the  Airport  Vicinity  Air 
Pollution  ( AVAP)  model  (Wang  et  al.,  1974,  1975  and  Yamartino  et  al.,  1980a 
and  b).  To  our  knowledge,  only  one  study  has  focused  on  the  chemically 
reactive  nature  of  the  N0X  and  hydrocarbon  emissions  (Duewer  and  Walton, 
1978).  The  applicability  of  the  AVAP  model  and  others  that,  like  AVAP,  are 
based  upon  Gaussian  plume  concepts  Is  limited  to  inert  pollutants,  or  at  least 
those  that  are  sufficiently  unreactive  that  they  may  be  considered  effectively 
inert  over  the  relevant  distances  and  travel  times.  The  pollutants  listed 
above  (CO,  N0X,  and  THC  and  NMHC)  fall  into  this  category. 

More  recently,  concern  has  arisen  regarding  the  short-term  effects  of 
NO2.  The  Clean  Air  Act  amendments  of  1977  required  the  ll.S.  Environmental 
Protection  Agency  (EPA)  to  consider  a  possible  short-term  ambient-air  quality 
standard  for  N02>  Moat  of  the  subsequent  discussion  has  revolved  about  a  one- 
hour  standard  ranging  from  0.10  to  0.50  ppm  (World  Health  Organization,  1977; 
Thullller  and  Vieze,  1978).  Since  aircraft  are  known  sources  of  N0X,  the 
potential  effects  of  aircraft  activity  on  ambient  NO2  levels  over  one-hour 
periods  must  be  considered,  and  some  of  the  factors  Involved  are  discussed  by 
Jordan  and  Broderick  (1978)  and  Bauer  (1978).  As  indicated  above,  previous  to 
this  study  only  limited  obaervat tonal  data  existed  regarding  NO2  effects 
specifically,  and  what  data  did  exist  were  of  limited  usefulness  because  they 
were  collected  under  conditions  that  were  not  necessarily  conducive  to 
production  of  high  NOj  levels  and  not  all  the  relevant  variables  were 
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measured.  In  addition,  no  generally  accepted  mathemat leal  model  existed  with 
which  to  accurately  predict  NO2  effects,  and,  aa  a  result,  no  detailed 
assessment  that  considers  a  variety  of  conditions  and  levels  of  aircraft 
ictlvity  could  be  made.  Accordingly,  a  major  component  of  the  present  program 
was  the  development  of  an  air-quality  model  suitable  for  the  prediction  of  NO2 
levels  In  the  vicinity  of  airports  and  the  validation  of  that  model  using  data 
collected  expressly  for  that  purpose. 

The  effects  of  hydrocarbons  In  the  atmosphere  have  been  the  subject  of 
considerable  Interest  for  many  years,  particularly  the  relationship  between 
hydrocarbons  and  the  production  of  photochemical  amog  (Demerjlan  et  al.,  1974; 
USF.PA,  197Ba).  Other  effects  that  may  relate  to  hydrocarbon  emlaslons  from 
aircraft  Include  the  production  of  objectionable  odors  and  certain  health 
effects  associated  with  specific  hydrocarbons  or  classes  of  hydrocarbon,  such 
as  the  known  mutagenicity  of  polynuclear  aromatic  compounds.  An  assessment  of 
aircraft  contributions  to  any  of  these  problems  must  be  based  on  knowledge  of 
the  specific  chemical  composition  of  aircraft  hydrocarbon  emissions,  because 
In  all  esses  the  magnitude  or  even  the  existence  of  an  effect  depends  in  a 
sensitive  way  on  that  composition.  Essentially  no  Information  on  this  matter 
was  previously  available,  however,  and  the  second  major  component  of  the 
present  program  was  a  preliminary  determination  of  the  detailed  chemical 
composition  of  aircraft  hydrocarbon  emissions. 

This  report  describes  the  results  obtained  in  both  areas  of  research 
Identified  above.  Section  2  deala  with  the  N02  field-measurement  program. 
Section  3  with  the  N02  model  development  and  validation  program,  Section  4 
deals  with  the  hydrocarbon-emission  characterization  program,  and  Section  5 
summarizes  what  can  be  said  at  this  time  regarding  the  effects  of  aircraft 
emissions  on  photochemical  smog  formation.  Appendices  contain  discussions  of 
specific  Issues  related  to  Nl^-NO-ozone  chemistry,  the  averaging  of  wind  speed 
and  direction,  and  Instrument  response  effects. 
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2  NITROCEN  DIOXIDE  FIELD- MEASUREMENT  PROGRAM 


As  part  of  the  effort  devoted  to  NO2  model  development  and  validation, 
a  f 1 eld-measurement  program  was  conducted  at  Chicago's  O'Hare  International 
Airport  (ORD)  by  Argonne  National  Laboratory,  Energy  and  Environmental  Systems 
Division  (ANL/EES).  The  objective  of  the  monitoring  program  was  to  collect 
air  quality,  meteorological,  and  other  data  for  the  purposes  of  1)  assessing 
aircraft  contributions  to  one-hour  average  NO2  concentrations  and  2)  providing 
a  data  baae  suitable  for  the  verification  and  validation  of  the  model  being 
concurrently  developed  for  aircraft  N02  effects.  The  purpose  of  this  section 
la  to  provide  an  overall  description  of  the  field-measurement  program,  to 
deacrlbe  the  data  processing  methodology,  and  to  present  the  results  of  the 
analysis. 


2.1  DATA  COLLECTION  AND  PROCESSING 


2.1.1  Siting,  Instrumentation,  and  Measurement  History 

The  ANL/EES  Air  Resources  Section  Air  Monitoring  Laboratory  (AML)  was 
located  at  Chicago's  O'Hare  International  Airport  for  approximately  two  and  a 
half  months  In  the  tall  of  1980.  A  10-meter  meterological  tower  was  erected 
nearby,  and  a  variety  of  Instruments  was  employed  to  collect  gaB-phase 
pollutant-concentration  data,  meteorological  data,  and  other  relevant 
parameters.  The  AML  and  tower  site  selection  was  based  on  the  following 
considerations: 

1.  Measurements  were  to  be  made  downwind  of  aircraft  take 
offs. 

2.  To  avoid  contaminating  the  aircraft  exhaust  plume,  no 
significant  pollution  sources  were  to  be  upwind  of  or 
between  the  runway  and  the  sampling  site. 

3.  The  AML  and  especially  the  meteorological  tower  were  to  be 
clear  of  aircraft  takeoffs,  landings,  and  taxiing. 

A,  Electrical  power  had  to  be  available. 

The  site,  as  shown  In  Fig.  2.1,  allowed  sampling  of  plumes  from  air¬ 
craft  taking  off  from  runway  32R.  That  runway  Is  generally  used  for  takeoffs 
under  westerly  and  northwesterly  winds,  and  the  AML  was  situated  in  a  nearly 
optimal  sampling  location  for  those  conditions.  Ocher  pollution  sources 
Include  automobile  traffic  on  the  entrance  road  and  In  the  Chicago  metropoli¬ 
tan  region,  surrounding  Industries,  and  other  airport  operations,  but  these 
did  did  not  significantly  Influence  aircraft  exhaust  plumes.  The  site  was 
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located  2bS  meters  perpendicular  to  the  runway  axis,  lf>3  meters  from  the  start 
of  32R  parallel  to  Its  axis,  and  312  meters  directly  along  a  heading  of  100° 
from  the  end  of  the  runway.  The  latitude  and  longitude  of  the  trailer  site 
were  estimated  from  a  topographic  map  of  the  area  to  be  41°5R'50"  ±  0.4"  N 
latitude,  ft7°S3'lb"  i  0.5"  W  longitude. 

The  10-meter  met erologi ca 1  town:  was  erected  20  meters  southeast  of  the 
AMI..  The  height  of  the  tower  and  the  distance  from  the  AML  were  sufficient  to 
avoid  undue  Influence  on  the  metcrologtcal  measurements.  Except  for  the  Air 
Force  "Alert  Hanger"  located  130  meters  to  the  northeast,  the  surrounding 
topography  did  not  contain  any  objects  that  would  affect  meterological 
measurements.  The  hanger  undoubtedly  affected  meterological  measurements  when 
winds  were  from  that  direction.  The  area  between  the  hanger  and  the  sampling 
site  was  used  primarily  for  parking  snow-removal  equipment,  two  small 
aircraft,  and  a  Comet  (medium-sized  let).  The  snow-removal  equipment  was 
occasionally  turned  on  for  maintenance  but  always  kept  stationary.  The  two 
small  planes  taxied  out  of  their  slots  on  a  few  occasions,  and  the  Comet  was 
never  moved.  Activity  surrounding  the  immediate  vicinity  of  the  AML  was  not 
significant  enough  to  Influence  measurements  of  aircraft  takeoff  exhaust 
p  1  times . 


The  air-sampling  system  in  the  AMI.  consists  of  a  glass  2-ineh-ID  Intake 
mainfold  through  which  outside  air  is  drawn  at  a  rate  of  approximately  400 
liters/minute.  The  velocity  of  the  air  within  the  mainfold  is  approximately 
3.3  m/s.  Eight  ports  are  provided  for  the  extraction  of  samples;  the  first 
port  is  approximately  287  cm  from  the  intake,  and  subsequent  ports  are  spaced 
28  cm  apart  along  the  manifold.  Gas-phase  concentrations  of  NO,  N0X,  0-j,  CO, 
and  THC  were  monitored  with  instrumentation,  described  below,  located  within 
the  AML.  Other  variables  were  monitored  using  Instrumentation  mounted  on  the 
meterological  tower  or  on  the  top  of  the  AML.  The  Instruments  employed  are 
listed  below. 

1.  A  Beckman  Model  950A  Ozone  Analyzer  was  used  to  measure  the 

concentration  of  0^  in  the  air.  The  basic  operating  principle  Is 

chemiluminescent  gas-phase  reaction  of  ozone  with  ethylene  (C2H4).  The 
ethylene  was  supplied  from  an  external  cylinder  in  a  blend  containing  10X  C2H4 
reactant  and  90Z  CO2  diluent.  The  instrument  was  operated  in  a  fast-response 
mode,  corresponding  to  30  seconds  to  90 X  response. 

2.  A  Thermo  Electron  Corp.  (TECO)  Model  14  Chemiluminescent  Analyzer 

was  used  to  measure  levels  of  NO  and  N0X.  The  chemiluminescent  reaction  of  NO 
and  0-j  provides  the  basis  of  detection.  However,  since  this  Instrument  Is 
equipped  with  only  one  detection  system,  it  cannot  measure  NO  and  N0X 

simultaneously.  The  Instrument,  when  In  "auto''  mode,  cycles  from  one 

substance  to  the  other  every  40  to  43  seconds.  A  "manual”  mode  may  be  used  to 
continuously  monitor  either  NO  or  NOx.  As  a  Monitor  Labs  Analyzer  (described 
under  Item  3)  capable  of  measuring  NO  and  N0X  simultaneously  was  also  in 
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operation,  the  TECO  instrument  was  kept  in  NOx  "manual”  mode  in  order  to 
obtain  continuous  measurements  of  N0X  during  most  of  the  monitoring  program. 

3.  A  Monitor  Labs  (ML)  Model  8440  E  Chemiluminescent  Analyzer  was  used 
to  simultaneously  measure  concentrations  of  NO  and  N0X.  The  chemiluminescent 
reaction  of  NO  and  0-j  provides  the  basis  of  operation.  The  instrument  is 
equipped  with  a  dual  detection  system,  allowing  simultaneous  measurements  of 
NO  and  NOx  and  providing  a  continuous  measure  of  NO2  by  difference.  A  5- 
second  Instrumental  time  constant  was  used  in  order  to  be  able  to  follow  rapid 
NO  and  N0X  fluctuations. 

A  NBS-traceable  NO  Calibration  Standard  using  hydrocarbon-free  dry  air 
as  a  diluent  was  used  to  calibrate  the  instrument.  The  primary  calibration 
gas  was  further  diluted  using  a  Bendix  Model  8851  Dynamic  Calibration  System 
(DCS),  which  also  contained  a  permeation  oven  with  a  NO2  permeation  tube.  A 
malfunction  in  the  temperature  control  of  the  oven  resulted  in  contamination 
of  the  teflon  valves  and  tubing  within  the  DCS  with  NO^ .  This  problem  did  not 
affect  the  calibration  of  the  Monitor  Labs  instrument  for  NO,  and  the  ML  NO 
measurements  are  considered  accurate.  Calibration  of  the  Instrument  for  NOy 
measurement  had  to  be  carried  out  by  cross-calibration  with  the  TECO  N0x 
instrument.  This  procedure  is  described  in  Sec.  2.2.2. 

4.  A  Beckman  Model  865  Nondi spersi ve  Infrared  Analyzer  was  used  to 

determine  levels  of  CO  in  the  sampled  air.  To  determine  the  concentration  of 
CO  in  the  sample,  the  Instrument  compares  infrared  radiation  absorbed  in  the 
sample  cell  containing  a  continuously  flowing  sample  and  in  a  reference  cell 
containing  a  portion  of  the  same  gas  with  CO  removed  by  a  scrubber. 

5.  A  modified  Beckman  Model  400  hydrocarbon  analyzer  was  used  to 

measure  levels  of  total  and  nonreactive  hydrocarbons  (THC  and  NRHC).  The 

analyzer  utilizes  a  flame  ionization  detector,  which  functions  approximately 
as  a  carbon-atom  counter.  The  instrument  was  calibrated  to  read  in  ppm 

methane.  The  sensor  uses  a  burner  in  which  a  regulated  flow  of  sample  gas 
passes  through  a  flame  sustained  by  regulated  flows  of  hydrogen  and  air.  The 
input  to  the  analyzer  was  modified  by  addition  of  commercially  available 
components  to  cyclically  monitor  total  and  nonreactive  hydrocarbons.  The 
instrument,  however,  was  operated  in  the  THC  mode  during  most  of  the  sampling 
program  because  the  switching  valve  gave  rise  to  power  fluctuations  that 
caused  malfunctions  in  the  operation  of  the  data  logger  (see  item  12). 

6.  A  Columbia  Research  Laboratories  Inc.,  Model  SPL-103  Sound  Level 
Meter  was  used  to  measure  sound  level  of  aircraft  takeoffs.  A  range  of  90  dB 
was  selected  so  that  a  nearly  full-scale  value  was  obtained  when  an  aircraft 
took  off  on  runway  32R.  The  sound  level  was  measured  as  an  indicator  of 
aircraft  takeoffs. 

7.  An  Eppley  Model  50  Pyranoraeter  was  mounted  on  top  of  the  AML  to 
measure  the  intensity  of  solar  radiation.  The  instrument  was  leveled 
horizontally  and  placed  in  a  location  that  was  free  from  shadows.  This  type 
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of  pyranometer  is  sensitive  to  light  of  wavelengths  ranging  from  the  near-lTV 
region  to  the  near-IR  region,  and  differs  in  that  respect  from  the  UV 
pyranometer  used  by  others  (Harvey  et  al.  1977,  and  Zafonte  et  al.,  1977). 
Whereas  the  UV  pyranometer  is  generally  regarded  as  being  more  suitable  for 
measurements  that  are  to  be  related  to  atmospheric  photochemistry,  the 
broadband  pyranometer  that  was  used  in  this  study  proved  to  be  adequate,  as 
discussed  in  more  detail  in  Sec.  2.2.1. 

8.  A  Cllmet  Model  011-3  wind-speed  transmitter  was  mounted  on  the 
tower  10  meters  above  ground  to  measure  wind  speed. 

9.  A  Cllmet  Model  012-11  bivane  transmitter  was  mounted  on  the  tower 
10  meters  above  ground  level  to  monitor  both  horizontal  and  vertical 
components  of  wind  direction. 

10.  A  Cllmet  Model  015-1  temperature  probe  mounted  10  meters  above 
ground  on  the  tower  provided  measurements  of  ambient  temperature. 

11.  Two  Cllmet  Model  015-3  temperature  probes  were  used  to  measure 
directly  the  difference  between  the  temperature  10  meters  and  1.5  meters  above 
ground . 


12.  Data  generated  on  site  were  recorded  by  a  data  logger  consisting 
of  a  15-channel  digitizer  constructed  at  ANL  and  a  Cipher  Data  Products  Model 
85M-9  tape  drive.  Data  were  recorded  on  a  9-track  800  bpl  magnetic  tape  at  a 
rate  of  approximately  one  complete  set  of  15  measurements  per  second.  The 
exact  rate  at  which  data  were  collected  varied  very  slightly  over  a  period  of 
days  about  an  average  rate  of  one  data  sample  every  0.99994429  s,  as 
determined  by  time  checks  using  WWV  broadcasts.  One  data  sample  consists  of  a 
(digitized)  measurement  from  each  of  the  15  channels  in  the  data  logger, 
collected  over  a  period  of  about  35  ms.  Each  digitized  measurement  consisted 
of  an  integer  ranging  in  value  from  zero  to  a  full-scale  value  of 
approximately  255,  depending  on  the  instrument. 

A  measurement  history  of  these  parameters  is  presented  In  Fig.  2.2. 
The  horizontal  lines  span  periods  of  time  during  which  the  respective 
Instruments  were  operating.  Conversion  of  Julian  date  to  calendar  date  may  be 
accomplished  using  the  charts  in  Fig.  2.3.  The  X's  marked  for  gaseous 
pollutants  denote  calibration  points  for  each  instrument.  In  the  case  of  the 
data  logger,  the  X's  show  those  times  when  a  data  tape  was  replaced.  The  two 
periods  when  no  Instruments  are  shown  operating  correspond  to  electrical  power 
failures . 

Table  2.1  shows  the  data  logger  channel  number,  operating  range  over  a 
particular  time  period,  full-scale  voltage,  and  variables  that  are  used  In 
calculating  the  true  physical  (nondlgltized)  value  for  each  measured  quantity. 


Fig.  2.2  Field-Program  Measurement  History 
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The  value  of  a  measured  parameter  in  physical  units  was  computed  from  the  raw 
digit ized  measurement  using  Eq.  2.1. 


Value  in  Z  units 


(2.1) 


where : 


.1  •  an  adjusted  raw  data  value, 

Z  -  physical  units  of  given  quantity, 

Xj  •  digitized  full-scale  value, 

X2  *  physical  full-scale  value,  and 
X-j  •  baseline  adjustment. 

Values  of  Z,  X j ,  X^ ,  and  X-j  for  each  Instrument  are  given  In  Table  2.1.  The 
adjusted  raw  data  value  J  corresponding  to  a  particular  measurement  was 
obtained  from  the  actual  raw  data  value  I,  which  takes  on  Integer  values 
between  zero  and  2  *i  •>  inclusive,  as  follows.  Values  I  -  0  or  255  were 
discarded  as  being  ambiguous,  since  a  value  of  zero  results  from  any 
monitoring  instrument  output  less  than  that  which  gives  rise  to  a  digitized 
value  1-1,  and  a  value  of  255  results  from  any  output  in  excess  of  full 
scale.  In  other  words,  values  I  -  0  or  255  represent  only  upper  and  lower 
bounds,  respectively,  to  the  "true"  value.  An  exception  was  made  in  the  case 
of  ozone,  for  which  a  value  I  -  0  was  allowed  on  the  argument  that  since  the 
investigation  dealt  with  N0X  sources,  the  ozone  level  in  a  plume  may  indeed  be 
expected  to  be  small  in  most  instances.  Also,  since  the  digitizer  in  effect 
truncates  to  the  nearest  Integer  rather  than  rounding  off,  the  same  digitized 
value  1  will  be  produced  from  any  input  voltage  in  the  range  from  the 
threshold  for  value  I  to  the  threshold  for  value  1+1,  and  when  converted  to 
physical  units  represents  a  lower  bound  to  the  true  value.  For  example,  when 
the  instrument  was  operated  in  the  0-2  ppm  range,  the  digitization  resolution 
of  the  Monitor  Labs  N0/N0x  data  is  2000/255  -  7.8  ppb.  The  direct  use  of  the 
value  I  itself  therefore  results  in  a  systematic  underestimate  of  the  measured 
value  of  the  physical  quantity  being  considered.  In  the  N0/N0x  example,  each 
measurement  would  be  underestimated  by  an  amount  ranging  from  zero  to  7.8 
ppb.  The  loss  of  resolution  due  to  the  digitization  process  will  be  referred 
to  as  the  digitization  error.  An  approximate  correction  for  this  effect  was 
made  by  adding  0.5  to  the  raw  value  I,  on  the  assumption  that  the  input 
voltages  that  give  rise  to  the  value  I  are  approximately  uniformly  distributed 
over  the  corresponding  range  and  using  J  -  I  +  0.5  gives  the  corresponding 
statistically  expected  value  and  reduces  the  digitization  error  by  up  to 
half.  This  procedure  was  used  in  processing  all  digitized  data.  In  addition, 
for  TEC0-N0x,  ML- MO,  ML-N0X,  and  O3  measurements,  a  further  correction  is  made 
for  Instrument-response-time  effects  and  for  relative  time  lags  between  the 
responses  of  these  four  instruments  to  changes  in  alrstream  concentrations. 
These  corrections  were  found  to  be  necessary  in  order  to  obtain  maximum 
resolution  and  to  Insure  that,  in  the  later  analysis,  concentrations  being 


compared  or  used  together  corresponded  as  closely  as  possible  to  simultaneous 
Measurements  on  the  same  air  parcel.  The  experiments  and  procedures  by  which 
these  corrections  were  made  are  described  In  Sec.  2.1.2. 

Equation  2.1  allows  calculation  of  all  parameters  except  horizontal 
wind  direction  (HWD).  HVD  may  be  calculated  using  Eqs.  2.2  and  2.3: 


X  -  (2.0833  •  -  1.0  (2.2) 

ANCLE  -  248.15  +  X(260.64  ♦  X(7.2956  -  4.9252X))  (2.3) 

where  I  ”  raw  data  value  of  HWD. 

If  ANCLE  >  360.0,  subtract  360.0. 


Computations  of  gaseous-pollutant  concentrations  using  Eq .  2.1  provide 
estimates  uncorrected  for  the  calibration  of  each  Instrument.  All  gas-phase- 
concentratlon  monitoring  Instruments  were  calibrated  every  3-4  days  using  the 
following  general  procedure: 

A.  Replace  ln-llne  filters  and  adjust  appropriate  flows. 

B.  Set  recorder  zero. 

C.  Set  Instrument  zero. 

D.  Set  Instrument  span. 

E.  Record  start  time  of  a  data  recording  period  and  place 
Instrument  Into  sample  position. 

P.  Record  stop  time  of  the  data  recording  period. 

C.  Record  final  recorder  zero. 

H.  Record  final  Instrument  zero. 

I.  Record  final  Instrument  span. 

In  addition,  primary  multipoint  calibrations  were  carried  out  for  the  TRCO  NOx 
and  Oj  Instruments  prior  to  or  early  In  the  measurement  program.  The  results 
showed  both  Instruments  to  be  performing  properly,  with  a  linear  response  over 
the  ranges  of  interest.  The  NOj-NO  converter  In  the  TECO  NOx  Instrument  was 
found  to  be  MI  efficient. 
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Aa  a  further  check  on  the  performance  of  the  Instrumentation,  a  Quality 
Assurance  Performance  Audit  was  performed  by  a  local  consulting  firm  on  Sept. 
23,  1980,  on  the  Beckman  0^  and  the  Monitor  Labs  N0/N0x  Instruments.  The 
findings  of  this  audit  Indicated  that  the  O3  and  the  ML  NO  Instruments  were 
performing  satisfactorily,  but  the  ML  N0X  measurements  were  In  error  due  to 
the  calibration  difficulties  mentioned  earlier.  There  was  no  evidence  that 
the  instrument  Itself  was  malfunctioning,  and  the  measurements  are  considered 
to  be  of  satisfactory  accuracy  after  calibration  by  cross-comparison  with  the 
TECO  NOx  measurements. 

The  blvane  used  for  wind-direction  measurements  was  calibrated,  and  the 
vertical  component  measurement  was  found  to  be  linear  between  the  Instrument 
limits  of  ±  60“.  The  horizontal-component  measurements  were  not  quite  linear, 
and  the  calibration  data  were  fit  with  a  third-degree  polynomlnal  in  order  to 
Insure  accurate  measurements  (see  Eq .  2.3).  No  calibration  was  required  for 
measurements  of  wind  speed,  ambient  temperature,  solar  Intensity,  or  sound 
Intensity. 

2.1.2  System  Characterization 

The  major  objective  of  the  f ield-measurement  program  was  to  acquire 
data  that  could  be  used  to  validate  the  NO2  model  being  developed.  The 
approach  taken  In  the  model  Is  to  describe  individual  takeoff  plumes  and  base 
one-hour  average  predictions  on  the  individual  takeoff  events  for  that  hour. 
The  data,  therefore,  were  collected  at  a  rapid  enough  rate,  about  one  complete 
set  of  measurements  per  second,  that  individual  plume  profiles  would  be  well 
determined.  The  entire  time  required  for  the  passage  of  a  plume  Is  on  the 
order  of  30  seconds  and  up,  depending  on  the  distance  of  the  monitoring  site 
from  the  aircraft.  The  Instrumentation  used  to  measure  such  profiles  must 
either  have  a  rapid  enough  response  time  to  accurately  follow  a  typical 
concentration  variation  of  zero  to  half  a  part  per  million  and  back  again  over 
30  seconds,  or  the  data  must  be  corrected  for  the  finite  Instrument  response 
time  for  an  accurate  determination  of  plume  shape  and  size.  A  general 
discussion  of  the  effects  of  Instrument  response  and  of  ways  of  correcting  for 
those  effects  Is  given  In  Appendix  3. 

Manufacturer 'a  specif lcatlons  in  the  various  Instrument  manuals  give 
some  Indication  as  to  the  various  response  times.  However,  such  specifica¬ 
tions  usually  refer  to  the  electronic  response  only,  and  It  was  felt  desirable 
to  have  Independent  measurements  of  the  response  of  the  instruments  within  the 
total  sampling  system  of  the  Air  Monitoring  Laboratory.  Accordingly,  a  set  of 
experiments  was  conducted  on  Oct.  13,  1980,  to  characterise  the  response  of 
Che  NO,  N0X,  and  O3  instruments. 

The  experimental  setup  was  as  shown  In  Fig.  2.4.  A  quantity  of  NO  was 
Introduced  Into  the  Intake  of  the  sampling  manifold  on  an  intermittent  basis 
so  as  to  simulate  a  series  of  approximately  rectangular  pulses.  Both  NO  and 
N0X  measurements  were  affected  directly;  the  O3  measurements  are  also 
affected,  since  ambient  O3  reacts  with  part  of  the  NO  Injected,  as  discussed 
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In  Sec.  3.1.3.  The  responses  of  the  TECO  N0X,  ML  NO/NOx,  and  0-j  Instruments 
were  recorded  at  a  rate  of  10  sets  of  measurements  per  second  on  magnetic  tape 
using  the  data  logger;  the  ML  N0/N0x  and  0j  Instrument  responses  were  also 
followed  using  strip-chart  recorders.  A  total  of  seven  experiments  were 
carried  o  t ,  of  which  four  gave  useful  data.  In  the  other  three  experiments, 
fluctuations  in  the  wind  velocity  caused  unacceptably  large  fluctuations  In 
the  amount  of  NO  being  drawn  Into  the  Intake.  The  problem  was  solved  by 
pushing  the  NO  source  further  Into  the  intake  so  that  the  amount  drawn  In 
would  be  less  susceptible  to  wind  variations.  The  strip  charts  from 
experiment  no,  7  are  reproduced  in  Fig.  2.5. 

The  data  were  analyzed  to  obtain  response  times  by  numerical  least- 
squares  fitting  of  a  theoretical  response  curve  to  the  Individual  instrument 
responses  as  recorded  on  magnetic  tape.  Each  Instrument  was  assumed  to 
respond  in  an  exponential  manner  to  its  respective  input  signal.  The  Input 
signal  was  assumed  to  be  a  diffuse  step  input,  i.e.,  a  step  that  has  diffused 
somewhat  so  that  the  front  is  not  Infinitely  sharp.  Under  these  assumptions, 
a  theoretical  Instrument-response  curve  y(t)  can  be  evaluated  (see  Appendix  3) 
for  a  diffuse  step  Increase: 

V-  ■  7 

y(t)  -  yQ  +  [ 1  +  erf ( c)  -  erfc(a  -  c)  exp(cr  -  2ac)l  (2.4) 

and  a  diffuse  step  decrease: 

y_„  , 

y(t)  -  yQ  ♦  — —  [l  -  erf(0  +  erfc(a  -  C)  exp(ar  -  2ac)J  (2.5) 

In  which  yQ  is  a  baseline  value,  y—  and  y_„  are  asymptotic  values,  and  a  and 

C  are  defined  by: 

a  ■  — —  (2  .6) 

n  t 

t  - 1 

C - 9  (2.7) 

/2  o 

In  these  equations,  o  denotes  the  parameter  that  characterizes  the  diffuseness 
of  the  step,  t  denotes  the  Instrument  response  time,  and  tQ  denotes  the 

arrival  time  of  the  front  or  step.  The  functions  erf  and  erfc  denote  the 

standard  error  function  and  the  compleswntary  error  function: 

2  f  *  -t^ 

erf(x)  ■  —  I  e  dt 

n  Jo 

and 


erfc(x)  -  1  -  erf(x) 


Flj.  2.5  Inst  runent  Response  Data  for  Experiment  Seven 
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Tin'  five  parameters  yQ,  y^ ,  a,  t,  and  tQ  were  all  considered  unknown  and 

determined  simultaneously  for  each  Instrument  In  each  experiment.  The  atep- 
incre.ise  and  step-decrease  phases  of  each  experiment  were  considered 

indepi  udent ly .  The  residuals  from  each  fit  were  examined  visually;  no 
systematic  trends  were  observed,  and  If  was  concluded  that  Fqs.  2.4  and  2.5 
adequately  epijsenf  the  observed  behavior, 

Selected  results  trom  these  experiments  are  given  in  Table  2.2.  The 
v.tlm  h  of  response  time  and  arrival  time  represent  averages  over  the  various 
experiments;  values  for  the  baseline  and  asymptotic  concentrations  as  well  as 
t h<  ditluseness  parameter  o  are  not  given,  since  they  reflect  the  manner  In 
which  the  experiments  were  carried  out  rather  than  any  significant  property  of 
t  I  •  sampling  system  or  instrumentation.  It  Is  interesting  to  notice  that  In 

me-.t  cases  the  measured  response  time  was  noticeably  longer  than  the 

in.vut  .ic  t  urer  ’  s  spec  1  f  1  cat  1  on ,  the  single  exception  being  the  ozone  Instrument 
fir  step-decrease  experiments.  It  Is  also  interesting  to  notice  that  the 
rcs;>  rsc  times  for  s t ep- 1  nc rease  cases  are  all  higher  than  those  for  step- 
de>  reuse  cases.  In  each  instrument,  the  sample  stream  Is  mixed  with  another 
gas  mixture  containing  a  substance  that  reacts  chemically  with  the  species  to 
he  detected,  the  reaction  being  such  that  light  Is  emitted  and  detected.  It 
Is  l'  might  that  the  difference  In  response  times  between  Increase  and  decrease 
cases  muv  reflect  details  of  the  gas  mixing  and  detection  proceases. 
Differences  In  arrival  times  reflect  primarily  differences  In  sample  flow 
rates  an i  sampling  tube  lengths.  Differences  due  to  the  finite  air  velocity 
In  the  manifold  are  estimated  to  he  much  less  than  one  second. 

The  data  analysis  required  that  measurement s  of  N0X,  NO,  and  0^  be  as 
nearlv  simultaneous  as  possible,  and  the  significant  differences  in  arrival 
times  observed  in  the  response  experiments  Just  discussed  indicate  that 
correction  tor  these  effects  is  required  in  the  subsequent  analysis.  In  order 
to  examine  the  possibility  that  the  relative  time  lags  between  the  N0X,  NO, 
and  Instruments  varied  over  the  duration  of  the  measurement  program,  an 

alternative  procedure  was  adopted  for  their  determination  and  was  utilized  to 
determine  time  lags  for  several  different  periods  of  time  scattered  throughout 
the  measurement  history.  The  alternative  procedure  Involved  the  computation 
of  the  square  of  the  correlation  coefficient  (R^)  between  the  TECO  N0X 
measurements  and  the  other  three  measurements  (ML  N0X,  ML  NO,  and  0^)  for  a 
variety  of  different  time  lags.  The  results  were  plotted  as  a  function  of 
1 1  me  lag  and  the  optimal  time  lag  was  taken  to  be  that  which  maximised  the 
value  of  R^.  The  time  lags  determined  In  this  way  were  found  to  be  conetant 
over  the  entire  measurement  program  and  are  given  In  Table  2.3  along  with 
typical  R  values.  Values  are  somewhat  different  from  those  given  in  Table 
2.2,  which  were  determined  in  an  entirely  different  manner,  but  not 
dramatically  so.  The  ML  NO/NOx  lags  are  aomewhat  larger  than  found  earlier, 
but  the  ML  NO-ML  N0X  time  lag  of  0.7  second  reproduces  the  earlier  value,  and 
the  ozone  time  lag  la  within  tb»  pravloua  experimental  error.  The  values 
*1  ven  In  Table  2.3  were  used  in  the  beelc  date  processing. 
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Table  2.2 


Selected  Inst rument-Response-Parameter  Values8 


Parameter 

Moni tor 

N0X 

Cabs 

NO 

TECO 

N0X 

Ozone 

Response 

Up 

6.87 

*  0.16 

6.82  4 

0.16 

3.53  4  0.27 

14.03  ±  2.67 

Time  t 

Down 

6.^0 

*  o.n 

5.99  4 

0.12 

2.79  4  0.17 

9.36  4  0.46 

(s) 

Tot  al 

6.67 

4  0.24 

6.41  * 

0.44 

3.16  4  0.43 

11.70  4  3.02 

c  b 

Specs . 

6.0 

5.0 

2.2 

13.0 

Arrival 

Up 

4.92 

±  0.08 

4.20  4 

0.08 

- 

3.26  4  1.06 

Time  tQc 

Down 

4.89 

±  0.07 

4.n  ± 

0.06 

- 

2.27  ±  0.48 

(s) 

Total 

4.91 

4  0.08 

4.17  ± 

0.08 

— 

2.77  t  0.96 

*Values  given  are  averages  over  four  experiments  Involving  a  step  Increase 
(the  "Up"  values),  over  four  experiments  Involving  a  step  decrease  (the 
"Down"  values),  and  over  all  eight  experiments,  combining  both  step 
Increase  and  decrease  results  (the  "Total"  values).  Indicated  uncertain¬ 
ties  represent  one  standard  deviation. 

^Manufacturer  specified  value.  TECO  N0X  value  for  manual  mode. 

Sllth  respect  to  the  TECO  N0x  arrival  time;  the  values  cited  are  In  fact 
values  of  the  difference  tQ  -  tQ  (TECO  N0X). 


/ 


* 

*  « 
I 


tf 
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Table  2.3  Relative  Instrument  Time  Lags8  as 
Determined  by  Time-Sequence 
Analysis 


Monitoring  Instrument 

Optional  Time  Lag 
( seconds) 

R2 

TECO  N0X 

_ 

Monitor  Labs  NOx 

6.0 

0.9 

Monitor  Labs  NO 

5.3 

0.9 

Beckman  0-^ 

3.25 

0.45 

“Values  given  with  respect  to  the  TECO  N0X 
Instrument . 


! 
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The  correction  of  the  measured  data  for  Instrument  response  was  made 
using  Kq .  2.8  (see  Appendix  3  for  the  derivation)  using  the  response  times 
given  in  Table  2.2.  Equation  2.8  involves  the  assumption  of  exponential 
response,  an  assumption  which  is  adequate  in  view  of  the  lack  of  any 
systematic  trends  in  the  residuals  of  the  numerical  fits  to  the  response 
experiment  data. 


(■6l)!yk  '  yk-lexP(-it/r>J 


(2.8) 


In  this  equation,  denotes  the  corrected  response  at  time  Instant  k,  y^  and 
denote  the  instrument  response  at  times  k  and  k-1,  respectively,  it 

represents  the  sampling  interval  (nominally  one  second),  and  t  represents  the 
instrument  response  time. 

As  indicated  earlier,  a  malfunction  in  the  Dynamic  Calibration  System 
(DCS)  made  the  calibration  of  the  Monitor  Labs  N0X  measurements  highly 
uncertain.  The  calibration  of  the  TECO  Instrument  was  not  affected,  since  it 
contains  only  one  detection  chamber  and  was  always  calibrated  in  the  NO  mode, 
the  NO2-NO  conversion  having  been  checked  and  found  to  be  satisfactory,  as 

discussed  in  Sec.  2.1.1.  Similarly,  the  calibration  of  the  Monitor  Labs  NO 
channel  was  not  affected.  In  order  to  make  use  of  the  ML  N0X  data,  the  ML  N0X 
channel  was  cross-cal i brated  against  the  TECO  N0x  da  a  taken  simultaneously. 
Since  the  TECO  data  could  be  calibrated,  this  procedure  allowed  the  Monitor 
Labs  data  to  also  be  calibrated,  although  this  procedure  does  not  yield 
results  that  are  as  accurate  as  would  have  been  obtained  with  a  properly 

functioning  DCS.  It  is  fair  to  say,  however,  that  the  redundancy  built  into 
the  monitoring  program  by  having  two  N0X  instruments  allowed  a  potentially 
serious  and  program-threatening  problem  to  be  reduced  to  an  annoyance. 

The  procedure  used  for  the  cross-calibration  was  essentially  the  same 

time-sequence  analysis  method  used  to  determine  the  relative  Instrument  time 

2 

lags,  except  that  the  slope  and  Intercept  as  well  as  the  R  value  was  of 

Interest.  A  new  cross-calibration  had  to  be  run  each  time  either  instrument 
was  calibrated.  Table  2.4  contains  the  results  of  the  cross-calibration  for 
each  calibration  period.  A  total  of  13  joint  calibration  periods  (JCPs)  were 
identified;  these  are  periods  during  which  the  calibration  of  both  instruments 
and  the  instrument  settings  (mode,  range,  etc.)  remain  unchanged.  The 
regression  period  is  that  period  of  time  within  the  JCP  selected  for 
regression  analysis.  All  times  are  Central  Daylight  Times.  The  regression 
results,  number  of  points  used,  instrument  ranges  and  calibration  periods  are 
presented.  The  regression  analysis  was  carried  out  using  raw  data  from  both 
instruments,  so  that  the  cross-calibration  slope  and  intercept  could  be  used 
to  convert  a  ML  N0X  raw  datum  to  an  effective  TECO  N0X  datum. 

The  analysis  had  to  be  carried  out  differently  for  JCPs  1-4  than  for 
the  rest  because  during  those  times,  the  TECO  Instrument  was  operated  in 
"automatic"  mode.  In  this  mode,  the  instrument  automat  leal ly  cycles  between 
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Tab!*  2.6  Monitor  Lab*  NO,  —  TECO  NO,  Cro**-C*llbrat Ion  Raaulta 


Joint 

Calibration  Period 

tairaaalon  Parlod 

No. 

Point* 

Slop* 

Intercept 

*«nl«  <PP«) 

Callbr. 

Period 

Start 

Stop 

Start 

Stop 

KL 

TECO 

ML 

TECO 

i* 

2*9:13*5 

232:11*0 

250:1200 

251:1200 

144 

0.983 

-2.199 

0.992 

0.5 

0.5 

1 

i 

2* 

232:1*00 

266:11*3 

252:1400 

253:1*00 

u* 

1 .088 

5.0*6 

0.97* 

0.5 

0.5 

2 

l 

257:2400 

258:2*00 

136 

1.035 

-2.380 

0.935 

264:2400 

265:2*00 

144 

0.911 

10.073 

0.958 

*2* 

1.101 

6.2*5 

0.956 

i* 

266 : 1 330 

270:1138 

268.0000 

269:1000 

203 

1.190 

-2.255 

0.997 

0.5 

0.5 

3 

2 

*• 

270:1138 

273:0815 

270:1200 

271:2*00 

216 

0.630 

-3.037 

0.997 

0.5 

1.0 

3 

2 

5 

273:08*0 

273:1150 

273:08*0 

273:1150 

11.390 

0.515 

0.5*3 

0.912 

0.5 

1.0 

3 

2 

b 

273:1*00 

275:1327 

273:1*00 

276:0730 

61,190 

0.515 

-0.3*3 

0.976 

0.5 

1.0 

4 

3 

7,8 

273:1327 

275:1**5 

NOT  USED 

0.5 

5.0 

4 

3 

9 

273:1613 

277:1235 

276:0600 

276:2200 

18,287 

0.202 

0.299 

0.697 

2.0 

5.0 

5 

3 

10 

277:13*3 

269:08*2 

26*: 1000 

28* ; 1600 

5,233 

0.286 

-1.308 

0.919 

2.0 

5.0 

5 

4 

1 1 

289.1313 

29*: 1221 

291:2000 

291:2200 

2,693 

0.386 

-0.393 

0.938 

2.0 

5.0 

6 

5 

293:1100 

293:1300 

22 

29* .1*13 

298:08*5 

296:1600 

29*: 2000 

7,726 

0.*09 

-0.017 

0.93* 

2.0 

5.0 

7 

6 

295:1*00 

295:17*5 

n 

298:1216 

30*: 12*7 

298:1700 

298:1900 

5,786 

0.372 

-0.056 

0.9*2 

2.0 

5.0 

8 

7 

303:1*00 

303:1600 

*TECO  NO, /NO  lnatruaant  oparatad  In  automatic  Nod*. 


NO  and  N0X  approximately  every  45  seconds.  The  cycle  time  Is  not  constant, 
however,  and  may  range  up  to  60  seconds.  During  the  time  when  NO  Is  being 
measured,  the  N0%  output-channel  voltage  is  held  fixed  at  the  last  value  It 
had  prior  to  the  switch  to  NO,  and  vice-versa.  It  proved  to  be  Impossible  to 
reliably  Identify  the  N0X  periods  from  the  raw  data,  and  the  regression 
against  ML  NOx  data  was  therefore  carried  out  with  values  that  represented  raw 
digital  data  averaged  over  a  10-minute  period.  Other  averaging  times  were 
examined,  but  10  minutes  proved  to  be  optimal  In  that  It  was  long  enough  to 
average  out  the  N0/NOx  cycling  of  the  TFXO  Instrument  but  short  enough  to 
preserve  enough  variation  In  the  data  to  allow  the  analysis  to  be  made  with 
reasonable  accuracy.  No  correction  for  relative  lag  times  was  made  in  these 
runs . 


In  JCPs  5-13,  the  TF.CO  instrument  was  operated  In  the  manual  mode  and 
provided  continuous  measurements  of  N0X>  Cross-calibration  analyses  involved 
the  comparison  of  each  pair  of  raw  data  values,  and  the  relative  time  lag  was 

determined  slmul t aneous ly  by  running  comparisons  using  different  lag  times  and 

2 

selecting  the  results  that  correspond  to  the  maximum  R  value.  In  all  cases, 

the  slope  of  the  regression  was  maximized  at  the  same  time  lag  that  maximized 

2 

the  R  value. 

Figures  2.6  through  2.9  exemplify  the  wealth  of  data  that  were 
collected  In  the  f leld-meaaurement  program  and  the  effects  of  the  various 
processing  steps.  Figure  2.6  shows  pseudo-stripcharts  generated  from  the  raw 
digitized  data  for  Oct.  29,  1980  (Julian  day  303);  the  raw  data  have  been 
averaged  over  two-minute  periods  for  purposes  of  display  but  not  corrected  nor 
changed  to  physical  units.  From  top  to  bottom,  the  four  plots  shown  represent 
Ml.-NO,  ML-NOx,  ozone,  and  TECO-NOx  measurements,  respectively.  Displays  of 
this  tvpe  as  well  as  similar  presentations  for  the  CO,  total  hydrocarbon, 
solar  intensity,  wind  direction,  temperature,  and  sound  intensity  data,  were 
generated  for  each  day  of  the  program  and  proved  to  be  invaluable  In 
Identifying  periods  during  which  peaks  due  to  aircraft  activity  could  be  found 
as  well  as  In  obtaining  a  feeling  for  the  overall  performance  of  the  system 
and  In  identifying  periods  during  which  either  malfunctions  or  some  other 
Interesting  external  phenomenon  occurred. 

Figure  2.7  shows  the  period  from  1400  to  1600  hours  CDT  on  day  303  in 
more  detail,  and  represents  a  plot  of  three-second  rather  than  two-mtnute 
averages  of  the  raw  data.  Several  aircraft  peaks  may  clearly  be  seen  in  all 
of  the  NO  or  N0X  plots,  and  the  depletion  of  the  ozone  level  within  each 
aircraft  plume  Is  clearly  demonstrated.  Figure  2.8  displays  the  raw  data  for 
the  period  303:1454:35  to  303:1455:55  (a  total  elapsed  time  of  80  seconds), 
during  which  the  passage  of  a  single  aircraft  plume  was  observed.  The  ozone 
depletion  Is  clearly  seen,  and  the  effect  of  the  relative  Instrument  time  lags 
can  also  be  clearly  seen  by  comparing  the  corresponding  positions  of  various 
points  In  the  different  curves.  For  example,  the  TECO  N0X  peak  occurs 
significantly  earlier  than  either  ML  peak  or  the  ozone  minimum.  In  addition, 
the  TECO  N0X  peak  seema  to  contain  significantly  more  structure  than  the  ML  NO 
or  N0X  peaks,  which  In  turn  have  more  structure  than  the  ozone  curve.  This  Is 


Pig.  2.8  Julian  Day  303,  1454:33-1433:35  law  Data 
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due  to  differences  in  Instrument  response,  the  TECO  Instrument  having  the 

shortest  response  time  and  the  ozone  Instrument  having  the  longest,  as  was 

shown  in  Table  2.2.  Finally,  Fig.  2.9  shows  the  same  period  of  time  as  Fig. 

2.8  hut  displays  the  processed  data  after  conversion  to  physical  units.  The 
structures  in  the  various  curves  are  now  seen  to  correspond  closely, 
illustrating  the  effect  of  the  time-lag  and  instrument-response  corrections. 
During  all  data  processing,  the  ML-NOx  data  were  used  to  define  the  basic  time 
points,  and  the  data  from  the  other  Instruments  were  shifted  accordingly. 
Thus,  in  Fig.  2.9  the  main  TECO  peak  occurs  at  1455:  13  rather  than  at  the 

uncorrected  time  of  1455:07  as  displayed  in  the  raw  data  In  Fig.  2.8. 

7.2  DATA  ANALYSIS  AND  RESULTS 


7.7.1  Ambient  Photostat  ionary  State  and  Pyranometer  Calibration 

One  of  the  basic  assumptions  made  in  the  development  of  the  NO2  model 
is  that  the  ambient  NO,  NOj,  and  0-^  concent  rat  ions  satisfy  the  photostationary 
state  relation  (Leighton,  1961): 


1 NOl |o3 1  kA 

(  no2  ]  ' 


(2.9) 


where  (I  denotes  the  concent  rat  ion  (number  density)  of  the  bracketed  chemical 
species,  k A  is  the  rate  coefficient  for  NO2  photodissociation  and  kg  Is  the 
rate  coefficient  for  the  reactions  between  NO  and  O-j  to  produce  NO2.  A  more 
detailed  discussion  of  the  chemistry,  including  a  derivation  of  Eq.  2.9,  may 
he  found  in  Sec.  3.1.3.  The  first  task  In  analyzing  the  field  data  was  to 
determine  the  extent  to  which  the  measured  ambient  concentrations  satisfied 
Kq.  2.9. 


The  available  data  are  not  sufficient  to  allow  a  rigorous  test  of  the 
validity  of  Eq .  2.9;  In  particular,  direct  continuous  measurements  of  k^, 
which  depends  upon  the  ambient  near-UV  light  Intensity,  were  not  made.  This 
tvpe  of  measurement  Is  by  no  means  routine,  although  in  recent  years  several 
research  groups  have  reported  on  the  design,  construction,  and  use  of  devices 
for  the  direct  determination  of  k^  (Burch  et  al.,  1974;  Jackson  et  al.,  1975; 
Stedman  et  al.,  1975;  Harvey  et  al.,  1977;  Zafonte  et  al.,  1977;  Bahe  et  al., 
1980).  In  most  of  these  studies,  direct  measurements  of  were  correlated 
with  simultaneous  UV  radiation  measurements  made  with  pyranometers  sensitive 
only  to  near-UV  wavelengths.  The  results  Indicate  that  UV-pyranometer  data 
are  a  useful  surrogate  for  direct  k^  measurements  and  that  the  development  of 
empirical  relationships  that  enable  k^  to  be  estimated  from  a  pyranometer 
measurement  of  light  Intensity  la  entirely  feasible.  In  order  to  test  the 
consistency  of  the  measurements  with  Eq.  2.9,  the  tentative  assumption  was 
made  that  Eq .  2.9  is  valid  and  an  empirical  relationship  was  developed  between 
the  pyranometer  data  and  the  apparent  values  of  k^. 
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If  one  assumes  that  F.q  .  2.9  Is  valid,  measurements  of  the  ambient 

concentrations  of  NO,  NO2,  and  0-j  may  be  combined  with  the  known  value  of  kR 
to  provide  an  estimate  of  the  value  of  kA,  which  will  be  termed  the  apparent 
NO-,  photolysis  rate.  Denoting  this  estimate  by  to  distinguish  it  from  the 
value  kA  that  a  direct  measurement  would  yield,  one  finds  that  £ A  is  given  by: 


(NO  1  ( 0  ) 

C  .  w  _ — 

A  n  1 N02 ) 


(2.10) 


This  quantity  may  be  evaluated  on  a  continuous  basis  from  data  collected 
during  the  field  program,  although  individual  values  obtained  in  this  way  are 
sub)ect  to  significant  random  errors  arising  from  a  combination  of  the 
digitization  error  associated  with  each  concent  rat i on  measurement  and  the  fact 
that  in  order  to  have  measurable  quantities  of  all  three  substances  present  at 
the  same  time,  all  three  concentrations  must  be  rather  small. 


The  method  whereby  the  consistency  of  the  ambient  data  with  Eq .  2.9  was 
checked  was  to  examine  the  relationship  between  E.  and  the  corresponding 
pvranometer  data.  Five  time  periods,  one  on  each  of  five  separate  days,  were 
identified  for  analysis.  The  periods  chosen  were  such  that  (1)  no  aircraft 
plumes  were  included  and  (2)  a  wide  range  of  ambient  lighting  conditions  were 
covered.  Table  2.1  lists  the  periods  chosen  along  with  a  brief  description  of 
the  lighting  conditions.  These  five  periods  were  subdivided  into  30-second 
intervals,  and  median  values  of  EA  and  the  solar  radiation  intensity  as 
measured  hv  the  pvranometer  within  each  interval  were  determined.  A  total  of 
3120  out  of  the  possible  3240  Intervals  yielded  a  valid  median  for  EA. 

Figure  2.10  shows  the  results  in  the  form  of  a  plot,  with  the  vertical 
axis  specifying  the  EA  value  and  the  horizontal  axis  the  pyranometer 
reading.  A  high  degree  of  correlation  between  EA  and  solar  intensity  is 
obvious.  The  apparent  photolysis  rate  approaches  zero  with  the  solar 

intensity,  and  increases  monotonical ly  as  the  solar  intensity  increases.  The 
relationship  between  the  two  is  clearly  nonlinear;  this  feature  is  in  accord 
with  other,  similar  results  obtained  using  UV  pyranometers  and  Is  due  mainly 
to  the  cosine  response  curve  of  the  F.ppley  instrument  (Harvey  et  al.,  1977; 

Zafonte  et  al.,  1977  ).  It  should  be  noted,  however,  that  in  the  only  other 
published  study  known  to  us  to  use  a  device  sensitive  to  a  broad  range  of 

wavelengths,  a  linear  relationship  was  found  over  the  entire  range  of  solar 

intensities  and  photolysis  rates  examined  (Bahe  et  al.,  1980).  These  investi¬ 
gators  comment  that  a  nonlinear  relationship  had  been  expected  and  attribute 
the  linearity  of  their  results  to  the  fact  that  data  from  all  seasons  of  the 
year  and  a  great  variety  of  weather  conditions  were  included.  In  addition,  an 
early  version  of  the  direct-measurement  device  designed  by  Stedman  and 
coworkers  also  produced  a  linear  relationship  when  correlated  against  an 

F.ppley  UV  pyranometer  (Jackson  et  al.,  1973).  Harvey  et  al.  (1977)  comment 

that  curvature  In  the  type  of  plot  under  consideration  is  expected  when  the 

sky  is  clear,  but  that  one  effect  of  clouds  is  to  diffuse  the  available 

sunlight  more  evenly  over  the  sky  and  thereby  reduce  the  significance  of  the 
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Table  2.5  Aabient-Photoatatlonary-State  Analysis  Periods 


Period 

Date  :Tlmes(CDT) 

Solar 

Angle 

Min 

Zenith 

(degrees) 

Max 

Sky  Conditions 

l 

25b: 1400-1800 

41.4 

78.6 

interaittent  clouds 

2 

259:1100-1700 

39.2 

68.6 

cloudy 

3 

262:1100-1700 

40.4 

69.6 

clear 

4 

263:1100-1900 

40.8 

92.0“ 

clear  to  1500,  interaittent 

clouds 

after  1500 

5 

264:1100-1300 

41.2 

55.3 

intermittent  clouds 

■’After  sunset,  during  civil  twilight. 


N0"03/NQ2  U/MINJ 


rig.  2. 10  Effective  MOj  Photolyeie-Eete  Coefficient  Vereue 
Soler  Intensity 


\  2 


<i  i  re  i  (  1  i>n.-i  I  nature  of  t  he  instrument  response.  Although  an  effort  was  made  to 

1  nr  fiute  .1  v.itletv  ot  conditions  in  our  study,  the  one  day  that  was  largely 

overrast  ('nit  an  day  ,’S4;  Sept.  IS)  did  not  give  rise  to  solar  intensities  in 
the  upper  part  o)  t  tie  range  hut  rather  rontrihuted  mainly  to  the  lower  part  of 

the  curve  in  Sir.  .  1 1 ' .  The  observed  curvature  is  therefore  considered  to  be 

in  agreement  w i t  t  the  results  of  other  researchers. 

The  numerical  values  of  k^  in  Fig.  2.K*  tend  to  he  somewhat  lower  than 
direct  measurements  of  k^  at  similar  solar  zenith  angles,  although  not 
dramatically  so.  This  difference  mav  he  due  to  any  of  several  factors, 
Including  higher  aerosol  concent  rat f ons  at  the  monitoring  site  than  at  other 
sites  at  which  measurements  have  been  made  or  possibly  an  otherwise  undetected 
systematic  Mas  in  the  concent  rat  1  on  measurements.  It  seems  unlikely  that  an 
actual  deviation  from  the  phot ost at  1 onarv  state  would  contribute  to  this 
effect,  since  such  deviations  are  expected  to  he  in  t  tie  opposite  direction 
(Rilger,  1978;  Kowlev,  19Hn),  In  view  of  the  uncertainties  and  experimental 
difficulties  involved,  however,  the  general  agreement  of  the  results  shown  in 
Fig.  .’.lo  with  expectations  and  wf  t  h  the  results  of  other  researchers  is 
considered  satisfactory.  We  also  conclude  that  our  data  are  consistent  with 
the  assumption  that  Fa).  .'.9  is  valid.  Finally,  this  analysis  also  provides  a 
valuable  indication  that  t  he  measurement  system  and  dat a-reduct i on  procedures 
are  performing  in  a  satisfactory  manner. 

An  empirical  relationship  between  V. A  and  the  pvranometer  readings  was 
developed  in  order  that  estimates  ot  the  No.,  photolvsis  rate  could  be  made,  in 
subsequent  analyses,  from  the  solar  radiation  data.  The  solid  line  shown  in 
Fig.  2.  I’1  is  the  result  of  that  fit,  which  was  produced  using  a  standard 
nonlinear  1  east  -  squares  regression  algorithm  assuming  that  a  quadratic  fit  is 
adequate.  Tin-  equation  developed  In  this  wav  is: 

V A  -  1.91V  I  .  Ill'*’  ♦  1.0HH4  »  10- 1  p  -  9.88138  *  10"7  P2  (2.11) 

where  k^  is  given  in  min  '  and  P  denotes  the  total  sol ar- radi at  1  on  intensity 
in  watts/m^  as  measured  hv  the  pvranometer.  In  all  subsequent  work,  as 

computed  (rum  Kq .  2.1!  was  used  as  an  estimate  of  k^. 


2.2.2  A1  re  r  at  t -I’  1  ume  Phot  os  t  at  1  onary-S  t  at  e  Verification 

A  other  basic  assumption  made  in  the  Nf^-model  development  work  is  that 
the  phot  ost  at  i  onar  v- s  t  at  e  relation  in  Kq .  2.9  Is  valid  at  all  points  and  at 
all  times  within  an  aircraft  exhaust  plume.  Following  th«  ambient-data 
analysis  and  t  tie  development  of  Kq .  2.11  as  discussed  in  the  previous  section, 
the  validity  of  Kq .  2.9  within  aircraft  plumes  was  examined. 

Two  approaches  were  adopted  for  this  analysis.  In  the  first  approach, 
the  deviations  of  measured  values  of  ♦,  defined  as  (see  Sec.  3.1.3  for  a 
discussion  and  definition  ot  K ) : 

i 


»■ 


1  5 


from  t  hr  value  of  unity  tli.it  would  obtain  it  tin-  pin  >t  ■  >*.  t  ,i  t  i  <m.i  r  v  st.it. 
rrl.it  ion  wrrc  valid  wore  computed,  and  thrir  v.iri.it  i-rt  as  t  hr  V 

.'iinrrnt  r  at  i  tin  increases  was  examined.  low  N(>  ronrrntrat  jorm  generally 
correspond  to  ambient  air  and  higher  NO  concent  rat  i  ons  to  points  within 
plumes,  with  the  highest  concent  rat i ons  corresponding  to  plume  peak  levels. 
Anv  systematic  tendency  for  t>  to  he  higher  or  lower  than  unity,  and  in 
particular  anv  systematic  trend  with  i  nc re. is i nit  NO  levels,  would  indicate  a 
possible  deviation  within  aircraft  plumes  1  rom  a  phntnst.it  iniurv  state.  Mu 
the  other  hand,  if  no  significant  variations  I  rom  unify  are  observed,  t  fieri  it 
mav  be  concluded  that  the  data  are  consistent  with  t  fie  phot  osf  a  t  i  on.i  r  v  -  s  t  a  t  • 
assumption.  In  order  to  carry  out  this  approach,  seven  periods  of  heavy 
ai rrr.it  t  activity  were  identified,  one  on  each  ot  seven  different  days.  In 
each  ot  these  periods,  the  passage  ot  ainratt  plumes  was  t  fie  dominant  source 
ot  variability  of  t  hi'  NO  concent  rat  i  on .  Thi'  periods  were  arbitrarily  divided 
into  two  groups,  as  shown  in  Table  J.b.  Values  of  f  fie  quant  i  t  v  V  were 
computed  tor  all  points  in  these  periods  tor  which  t  tie  No ,  concentration  was 
greater  than  or  equal  to  l.b7  ;>ph,  which,  value  corresponds  to  a  ditfemnee  ot 
one  unit  i  rt  t  fie  raw  integer  data  for  No  and  NO  .  Without  this  test,  points 
tor  which  the  digitized  No  and  NO  concent  rat  i  ons  are  eipial  and  wtiicli  ifive 
rise  to  NO,  values  that  are  totally  without  significance  cause  an  appreciable 
distortion  of  t  fie  results. 


In  order  to  examine  t  he  effect  of  ( ne  Teas  i  rut  NO  levels,  t  fie  values  of 
>  were  aggregated  into  bins  correspond!  nit  to  Vi-ppb-wide  NO  -concent  rat  i  on 
intervals.  Thus,  interval  No.  1  corresponds  to  Nt'x  concent,  rat  i  ons  in  the 
range  '-SO  ppb,  interval  No.  .1  to  the  range  SO-lOO  [iph,  and  so  on.  I  fie 
distributions  ot  the  values  ot  i  within  these  intervals  were  highly  skewed, 
primarily  because  ot  errors  in  estimating  the  NO,  conceit  t rat i on ,  and  the 
median  value  rather  than  the  arithmetic  mean  was  used  as  an  indicator  ot  the 
average  value  of  \  in  each  interval  In  the  subsequent  analysis.  The  median  is 
a  much  more  robust  measure  of  the  'center'  of  a  distribution  and  is  much  less 
sensitive  to  measurement  errors  t fiat  give  rise  to  outliers.  The  average  of 
the  median  values  ot  i,  denoted  bv  ' ^MFI)  I  AN’ ’  uas  computed  tor  each  ot  Die  two 
groups,  the  contribution  from  each  interval  being  weighted  bv  the  number  ot 

values  in  the  interval.  The  value  of  <  '*’MK  £)  I  AS %  "gained  in  this  wav  depended 
primarily  on  the  values  for  the  lower  intervals  (low  No  concent  rat  1 ons ) 
because  ot  the  relatively  large  number  of  points  in  those  intervals.  The 

values  of  <  1 AN^  ^ or  1  *'*'  two  groups  ot  data  are  given  in  Table  2.b. 

Finally,  the  difference  0 1  AN  “  <*MK1)IAN>  was  Plott,,d  against  interval 

number  (or  N('x  concentration),  with  the  results  shown  in  Fig.  2.11. 

Several  features  ot  the  results  shown  in  Fig.  2.11  are  of  interest. 
F’irst,  tor  small  NO  concent  rat  1  ons  the  points  cluster  near  zero,  as  expected 
since  the  ambient  atmosphere  Is  on  average  In  a  phot ost at ionarv  state,  at 

least  for  the  conditions  examined  In  this  study.  The  Croup  1  points  seem  to 
behave  better  in  this  regard  than  the  Croup  2  points,  and  the  agreement  of  the 
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Table  2.6  P lume-Phot oat  at ionary-St ate  Analysis  Periods 


Group 


I 


2 


Julian  date:tlme  Interval  (CUT) 

284:1000-1800 

293: lOOO-i; 

300:1 100-2000 

294:1500-1700 

303: 1100-1 500 

295:1400-1700 

299:0800-1700 

No.  valid  points 

15499 

10157 

<*MEDIAN> 

1.094 

1.404 

MEDIAN  “  <<*>  MEDIAN  > 
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O  Group  1 
A  Group  2 


o 


A  A 
O 


2  —I 


h-4- 100  ppb 


A  O 

6.  °  * 


A  O 


®T5  '  0  (500 

Aa 


-1  — 1 


A 

o  O 


-2H 


I  "l‘  '"T  1  I  1  I  1  r  T  ■'  1  1 

0  4  8  12  10  20  24  28  32 

Interval  Number 


Fig.  2.11  Alrcraft-Plune  Photostationary-State  Check 
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•  value  In  Table  2.6  with  the  expected  value  of  1.0  Is  also  better  for 

croup  1.  Second,  there  Is  some  tendency  for  k  D I  AN  to  ^  greater  than 
*MK0 I AN^  ,or  intervals  In  the  range  10-24,  althouRh  the  scatter  is  such  that 
thts  tendency  does  not  appear  to  he  statistically  significant.  Finally,  at 
the  high  end  (24-14)  there  is  no  obvious  tendenry  for  deviation  from  a 
phot ost at  1 onarv  state,  althouRh  these  points  correspond  to  a  much  smaller 
number  of  values  of  $  than  the  points  correspondtnR  to  lower  N0X 

concentrations.  On  the  whole,  this  analysis  reveals  no  significant  departure 
I  rum  photostat lonarv-state  conditions  either  within  or  outside  of  aircraft 
p 1 umes . 


The  second  method  of  analysis  makes  use  of  data  for  60  plumes  selected 
t  "r  detailed  analysis  In  the  mode  1  - ver 1 f 1 ca t i on  phase  of  the  program.  The 
data  for  these  plumes  are  discussed  more  completely  in  Sec.  1.1.6;  It  suffices 
here  to  sav  that  data  for  peak  NO,  Nf>x,  and  0,  concentrations  are  available, 
where  "peak"  implies  an  average  over  the  three  consecutive  points  at  the 
position  (or  time)  of  maximum  N(lx  concentration.  If  F.q.  2.9  holds,  the  ratio 
Ni>/Si>,  fs  given  hv : 


1  No )  _  _K _ 

I  NO,]  10,1 

Hv  definition,  (NOj  «  (NO)  *  |  N(>2  I :  Eq . 

i No | / | N0X1  is  gi ven  by : 

|  NO)  K 

(NOJ  ’  |0,)  ♦  K 


(2.11) 

2.11  implies  therefore  that  the  ratio 


(2.14) 


it  t tie  photostationary  state  relation  Is  valid.  The  quantity  D,  defined  as 
I  I  NO)  ,/  I  N(>x )  )  -  K/()0,)  +  K),  was  computed  for  each  plume  for  which  the 

calculation  yielded  meaningful  results;  the  subscript  p  denotes  peak  value. 
Plumes  for  which  ( NO )  p  >  (N0x)p  or  for  which  (0,1  <  0.0  (i.e.,  for  which 

|i>,)  is  below  detectability)  were  discarded  from  this  analysis.  In  all,  20 
Boeing  727  plumes  and  6  McDonne 1 1 -Doug  1  as  DC- 10  plumes  were  used.  If  the 
plume  is  In  a  photostationary  state,  D  Is  expected  to  be  zero.  The  average 
value  of  I)  (D)  for  the  727  plumes  was  found  to  he  0.063,  with  a  standard 
deviation  of  0.140,  and  for  the  DC-10  plumes,  D  »  0.012  with  a  standard 
deviation  of  0.097.  In  neither  case  was  a  significant  departure  from 
photostationary  conditions  observed. 


The  general  conclusion  reached  from  these  analyses  Is  that  the 
observational  data  is  consistent  with  and  supports  the  assumption  of 
photostationary  state  conditions  within  aircraft  plumes.  The  use  of  such  an 
assumption  In  the  development  of  a  model  for  estimating  NOj  levels  within  such 
plumes  is  therefore  Justified. 
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2.2.3  Estimation  of  NC^/NC^  Emission  Ratios 


As  mentioned  in  the  previous  section,  a  number  of  individual  aircraft 
plumes  were  singled  out  for  use  in  the  model-verification  phase  of  the 
program.  The  data  for  these  plumes  may  also  be  uBed  to  estimate  the  NOj/NOjj 
emission  ratios,  as  follows.  The  NC^/Nf^  emission  ratio  is  given  by: 


'"V. 

(no  r 

x  e 


1  - 


[NO] 

[noT 

x  e 


(2.15) 


from  the  definition  of  N0X.  The  peak  observed  concentration  of  N0X  within 
a  plume  is  given  by: 


[N0x]p  -  f(NOx]e  >  (1  -  f)|NOxla  (2.16) 

where  f  is  the  peak  volume  mixing  ratio  of  aircraft  exhaust  gas  (i.e.,  the 
fractional  contribution  of  exhaust  to  the  volume  of  gas  whose  composition  was 
measured)  and  the  subscripts  p,  e,  and  a  denote  peak  observed,  exhaust,  and 
ambient  concentrations,  respectively.  The  ratio  (NOx]p/(NOx)a  18  therefore 
given  by: 


(NO  ) 
x  p 

Tno) 

x  a 


(NO 


Tno 


x  e 


-  1 


♦  1 


x  a 


(2.17) 


On  the  assumption  that  (NOxJe  >>  (N0x(a,  which  is  certainly  valid  In  this 

case,  (NOxlp  is  given  to  good  approximation  by: 


[N0x]p  -  f[NOx]e  +  [NOxla 


(2.18) 


Also,  assuming  that  aircraft  do  not  emit  orone,  (0-j]p  would  be  given  by: 

I0}) p  -  (1  ~  f)(03]a  (2.19) 

if  no  chemical  reaction  with  NO  occurred,  and  (NO]p  under  the  same  assumption 
would  be  given  by: 


( NO] p  -  f(NOle  +  (NO) a  (2.20) 

The  stoichiometry  of  the  chemical  reaction  between  NO  and  Oj  is  such  that  for 
every  molecule  of  03  that  disappears,  one  molecule  of  NO  also  vanishes  (and 
one  atolecule  of  NO2  appears,  so  that  the  N0X  concentration  is  unaffected).  If 


***M'--i 
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the  concentration  changes  of  0-j  and  NO  are  denoted  by  r. ,  f,  may  be  evaluated 
using: 


r-  '  '  f>l°3la  "  I°3>p 


or,  assuming  f  <<  1,  from: 


f*  -  lo3la  -  [Oflp 


(2.21) 


(2.22) 


The  assumption  regarding  f  must  be  made  to  allow  f,  to  be  evaluated  from 
measured  ozone  concentrations,  since  no  independent  measurement  of  f  or  l N0X 1 c 
is  available  for  the  plumes  used  in  this  analysis.  The  effect  of  the  reaction 
is  to  reduce  1  NO )  by  the  amount  f, ,  so  that  the  observed  concentration  Is  given 
bv : 


I  NO), 


f  I  NO]  p  +  I  NO  ]  a  -  f. 


(2.23) 


Combining  F.qs.  2.18,  2.22,  and  2.2),  the  ratio  [N0)e/[N0x)p  may  be  evaluated 
in  terms  of  measured  quantities: 


(NO) 


[NO 


f  |N0) 

_ i 

f  (no 


[NO) 


-  I  NO)  +  |0  )  -  (0  ) 

p  a  i  a  ip 

[NO  ]  -  (NO  ' 


(2.24) 


x  p 


x  a 


The  data  for  the  individual  plumes  used  in  the  analysis  include 
estimated  travel  times  from  emission  to  passage  over  the  monitoring  site. 
Including  onlv  plumes  having  travel  times  estimated  at  100  seconds  or  less, 
the  mean  value  R  of  the  quantity  R  •  [N0)e/[N0x)e  was  computed  to  be  0.935  + 
0.097  (lo)  for  21  Boeing  727  plumes,  and  0.932  +  0.024  (lo)  for  15  McDonnell- 
Douglas  DC-10  plumes.  If  travel  times  less  than  or  equal  to  60  seconds  are 
considered,  R(  7  27  )  becomes  0.896  (12  values)  with  a  standard  deviation  of 
0.100,  and  R(DC-IO)  is  essentially  unchanged  at  0.935  (9  values,  a  «  0.023). 
There  is  no  obvious  physical  explanation  for  the  difference  In  the  two  values 
of  R(  7  27  ),  and  they  are  not  statistically  different  given  the  above  standard 
deviations.  The  conclusion  Is  that  the  N0/N0x  emission  ratio  is  essentially 
the  same  for  727  and  DC-10  aircraft,  having  a  value  of  approximately  0.93,  and 
therefore  that  the  N02/N0X  emission  ratio  Is  0.07,  or  7t,  for  these  aircraft. 
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2.2.4  Relative  Significance  of  Direct  NOj  Emissions  and 
Chemical  Conversion  of  NO 


The  individual  plume  measurements  also  allow  the  evaluation  of  the 


contributlng  factors  to  peak  (ground- leve 1 )  NO2  concentatlons.  As  discussed 
in  the  preceding  sections,  the  quantity  £  is  the  NO  concentration  decrease  due 
to  chemical  reaction  and  is  also  therefore  the  NO2  concentration  increase  due 
to  chemical  reaction.  Since  (,  may  be  estimated  by  { 0-j ] a  -  { 0-j  1  p»  the  fraction 
fr  oi  the  peak  measured  NO2  concentration  that  Is  due  to  chemical  reaction  may 
be  estimated  by: 


|(Va  ~  |(Vp 

I N°2 1 p 


(2.25) 


figure  2.12  shows  a  plot  ot  values  of  f  for  individual  727  and  DC-10  plumes 
against  estimated  travel  time.  In  that  figure,  circles  represent  727  plumes 
and  triangles  DC-10  plumes.  Filled  symbols  designate  points  for  which  (O-jl 
was  greater  than  or  equal  to  zero,  and  open  symbols  designate  points  for  whicn 
(03]p  was  less  than  zero  due  to  measurement  errors  for  very  low 
concent  rat  ions.  In  the  latter  cases,  fr  was  estimated  by  the  ratio 

I01)a/|N02lp. 

A  clear  trend  towards  increasing  Importance  of  chemical  processes  with 
increasing  travel  time  is  apparent  in  the  figure.  After  40  seconds  travel 
time,  chemical  reaction  is  responsible  for  only  about  30X  of  the  observed  NO2 
at  the  peak,  but  after  80  seconds  chemical  reaction  contributes  about  70X. 

Extrapolating  the  trend,  it  appears  that,  after  about  120  seconds,  between  90 
and  1001  of  the  NO2  would  be  due  to  chemical  processes.  Although  there  are 
insufficient  data  beyond  about  100  seconds  to  clearly  show  what  happens,  it  is 
expected  that  ff  would,  on  the  average,  approach  the  limiting  value  of  1.0. 
It  should  be  pointed  out  that,  in  general,  the  relative  contributions  from 

chemiral  reaction  should  increase  with  increasing  ambient  ozone  level  for  a 
given  travel  time.  The  ambient  ozone  concentrations  corresponding  to  the 
plumes  used  in  this  analysis  ranged  approximately  between  20  and  40  ppb, 

values  that  are  generally  considered  rather  low.  It  is  also  worth  noting  that 
there  is  no  obvious  difference  between  the  727  and  DC-10  plumes  in  this 

regard. 


2,2.5  One-Hour  N0X  and  NO2  Dosages 


Thirty-two  one-hour  periods  of  aircraft  activity  were  identified  for 
use  in  the  verification  of  model  one-hour  predictions.  These  data  are  des¬ 
cribed  more  fully  in  Sec.  3.2.2.  It  seems  appropriate,  however,  to  Include 
here  a  brief  discussion  of  the  results  Independently  of  the  operation  of  the 
model . 
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The  periods  selected  for  analysts  were  chosen  primarily  on  the  basts  of 
i  visu.it  examination  of  the  dally  reoonst 1 tuted  strip  charts.  Considerations 
included  l he  relative  constancy  of  wind  speed  and  direction,  solar  Intensity, 
■o.l  ambient  ozone  level,  in  addition  to  level  of  aircraft  activity.  The 
'e:  her  <>1  t  akeot  1  events  In  any  Riven  one-hour  period  varied  from  a  minimum  of 
t  i  a  maximum  of  lb.  For  each  period,  the  total  dose  of  NO  and  NO  was 
i  o  i;nit  cil  hv  summing  the  products  of  the  N0X  and  NO  concentrations  and  the 
basic  lime  interval  (one  second)  over  all  points  in  the  period.  The  total  N02 
•lose  was  then  estimated  by  difference.  Finally,  the  cor respond  1  or  alrcraft- 
rrl.uert  dosages  were  computed  by  subtracting  estimated  ambient  background 
u.i-s  from  the  totals. 

Figure  2.1)  shows  the  observed  af rcraf t-rel ated  one-hour  N0„  dosages 
1  lotted  against  the  aircraft  activity  level  measured  hv  the  number  of  takeoffs 
>er  hour.  Figure  2.14  shows  the  correspond! ng  N02  dosages  plotted  In  a  simi- 
1  ai  manner,  with  the  additional  feature  that  the  open  circles  denote  periods 
•  •  which  the  average  ozone  concent  rat  Ion  was  greater  than  24  ppb,  and  the 
tilled  circles  denote  periods  for  which  the  ozone  concentration  was  less  than 
.  *  ppb,  the  average  ozone  concent  rat  1  on  over  all  )2  periods. 

The  results  shown  in  Figs.  2.1)  and  ?.14  Indicate  uimar  relationship 
"el, con  the  one-hour  N0X  and  NO^  dosages  and  ’  .ec  of  takeoffs  per  hour. 

“*>>  attempt  was  made  to  stratify  these  rosi  ts  according  to  meteorological  con¬ 
ditions  or  ambient  concentration  levels,  wi  i .  'b<*  exception  noted  in  the  pre¬ 

vious  paragraph.  In  addition,  it  must  he  pointed  out  that  these  results  refer 
to  one  specific  monitoring  location  near  one  particular  runway.  The  runway 
as.-d  lie  re  Is  not  as  a  rule  used  hy  the  very  largest  aircraft;  in  particular, 
it  is  not  generally  used  for  takeoff  by  Boeing  747s,  which  have  the  highest 
N0X  emission  rates.  In  point  of  fact,  the  most  common  aircraft  observed  to 
use  runway  )2R  were  727s,  DC-9s  and  DC-lOs.  The  results  shown  In  the  figures 
would  he  expected  to  differ  somewhat  for  other  monitoring  sites,  including 
those  near  other  runways. 

Kxamination  of  Fig.  2.14  reveals  a  slight  dependence  of  the  results  on 
the  ozone  level.  Most  filled  circles  lie  below  the  solid  line,  which  repre¬ 
sents  an  overall  best  fit,  as  discussed  in  the  next  paragraph,  while  most  open 
circles  lie  above  It.  The  dependence  exhibited  In  Fig.  2.14  Is  not  very  pro¬ 
nounced,  due  probably  to  the  relatively  low  ambient-ozone  levels  observed  dur¬ 
ing  these  periods  In  combination  with  the  relatively  short  travel  times  that 
are  involved  and  the  correspondingly  small  contribution  from  the  NO  +  O3 
reaction  compared  with  direct  N02  emissions  (see  Sec.  2.2.4  above).  It  is 
expected  that  the  higher  the  ozone  level,  the  greater  the  slope  of  the  D(N02)- 
versus-alr craft -activity  regression  line  would  be,  with  the  limiting  value 
being  the  slope  of  the  D( NOx)-versua-aircraf t-act i vi ty  regression  line. 

The  aolld  lines  shown  on  the  two  figures  represent  the  linear  least- 
squares  regression  fits  to  the  data  and  are  represented  by  the  following 
equat Ions : 


craft  Hourly  NO,  Dose  (ppm  -  sec) 


0  4  8  12  16  20  24  28  32  38 

Number  of  Tokaoffa  par  Hour 


2.13  Aircraft  HO  Doaa  Varauo  Ruaber  of  Takeoffs 


Observ 


Pig.  2.14  Aircraft  NO,  Doae  Versus  Nuaber  of  Takeoffs 


n(NOx)  -  0.167  +  6.109A)  ppm-s  (2.26) 

D(N02)  -  (2.761  ♦  1.284A)  ppm-s  (2.27) 

In  which  D(NOx>  and  D(N02)  denote  one-hour  dosages  of  NOx  and  N02 , 
respectively,  and  A  denotes  the  aircraft  activity  In  takeoffs  per  hour.  The 
Intercepts  are  not  statistically  different  from  the  expected  values  of  tero. 
It  Is  Interesting  and  relevant  to  note  that  even  at  the  highest  level  of  acti¬ 
vity,  33  takeoffs  per  hour,  the  corresponding  one-hour  average  values  of  the 
N0X  and  NO,  concent  rat  1 ons  (given  by  D(NOx)/360O  and  D(N02)/3600,  respect¬ 
ively,  and  estimated  from  Eqs.  2.26  and  2.27)  are  only  f2  ppb  and  13  ppb. 
Thus,  rhe  actual  contributions  of  aircraft  to  Nf>x  and  N02  levels  are  fairly 
low  in  the  cases  examined  here. 
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1.1  BASH'  Mi »|)KI  DKSICN  AND  FoRMDl.AT ION 

Ttio  tlrst  .ind  most  import  ant  stage  i  ti  tin  do  v<- 1  opmeiit  id  .id  ,ii  r  quality 
simulation  model  is  the  l  dent  1  t  i  eat  i  on  of  .m  appropriate  in.itherTMtir.il 
formulation.  In  this  stage,  design  decisions  are  made  that  critically  affect 
the  appl i cahf 1 i t v  and  pract i cahi 1 i t v  of  the  final  computer  code,  and  it  is 
important  to  identify  the  physical  and  chemical  tailors  that  must  he 
accurately  simulated  in  the  model  in  order  to  then  incorporate  suitable  and 
mutually  compatible  treatments  of  them  into  the  model.  A  fairlv  comprehensive 
discussion  of  the  general  elements  that  comprise  an  alr~qualltv  simulation 
model  and  t  tie  circumstances  under  which  they  require  accurate  treatment  may  he 
found  In  t  he  Workbook  for  Comparison  of  Air  Duality  Models  (I'SKPA,  I97HM. 
The  purpose  of  (his  section  Is  to  outline  the  Important  factors  relating  to 
t  lie  prediction  of  one-hour  average  No.,  concent  rat  i  mis  arising  from  aircraft 
activity  at  airports  and  to  describe  and  justify  the  specific  design  decisions 
that  have  been  made  as  part  of  the  development  of  a  model  t  m  making  such 
pred i c t  tons  . 


1.1.1  Treatment  of  Source  Emission  Character i s t  i < s 


The  emissions  char  act e r i st i c s  ot  the  sources  in  question  are  inevitably 
among  the  most  important  factors  to  consider.  With  regard  to  NO.,  effects,  the 
actual  emission  composition  and  the  intermittent  nature  of  the  emissions  are 
particularly  relevant.  Table  1.1,  reproduced  from  Yamartino,  et  al  .  (1980b), 
shows  the  NO  emission  rates  of  various  aircraft  engines  in  different  modes  of 
operation.  As  can  clearly  be  seen,  N(>x  emission  rates  are  very  much  higher 

during  takeoff  than  during  other  modes.  It  therefore  seems  entirely 

justifiable  In  the  initial  development  to  focus  attention  on  takeoff 
operations  only,  and  this  is  the  approach  adopted  hero.  Emissions  that  occur 
when  an  aircraft  is  airborne  (during  approach  and  climhout)  are,  in  anv  event, 
expected  to  have  a  negligible  effect  at  ground  level. 

The  emission  rates  given  in  Table  T .  1  are  those  of  total  N0x  emissions, 
expressed  as  If  the  total  were  NO^.  However,  emission  measurement  s  made  on 
three  common  let  engines  indicate  that  the  NO^/Nfl^  emission  ratio  is  tvpicailv 
four  to  eight  percent  by  volume  (Pratt  and  Whitney,  1 9  7  2  ,  cited  bv  Yamartino, 
et  al.,  1980a.  Our  results  indicated  7t;  see  Sec.  2.2.  I.).  Thus,  most  of  the 
N0X  emissions  are  actually  NO  rather  than  N07 .  If  NO,  and  NO  were  chemically 

Inert  substances,  the  design  of  an  appropriate  air-quail  tv  model  would  he 

considerably  simplified  and  could  be  carried  out  along  traditional  lines. 
However,  both  NO2  and  NO  undergo  rapid  chemical  reactions  that,  in  effect, 
convert  one  species  Into  the  other  and  that  must  be  taken  into  account  in  the 
formulation  of  the  model.  The  existence  of  a  reaction  that  converts  NO  into 
Nf>2  Is  clearly  significant  in  that  such  a  reaction  provides  an  alternative 


Table  ).l  N(>x  Emission  Kates  (th/hr  as  N(>2 )  of  Aircraft  Undines3 


Engine*  Manufacturer 
flnd  Model 

Taxi  / 
Idle 

Land i ng 

Takeoff 

Approach 

Cl i mhout 

Pratt  and  Whitnev,  1T9D-7 

5.71 

121.14 

474. bO 

1S.2S 

282.10 

Pratt  and  Whitnev,  JT1D-7 

2.21 

14.29 

12b. 40 

lb. IS 

78.60 

Rolls  Royce,  RB-21 1-22B 

5.11 

129.11 

S04.10 

12.26 

101 .90 

General  Electric,  CK6-50C 

1.02 

171.29 

870.95 

S2.80 

462.20 

General  Electric,  CFb-bD 

A  .88 

121  .77 

4b7  .SO 

41  .  S4 

109.20 

Pratt  and  Whitney,  IT8D-17 

1.91 

SI. 94 

202 .Oh 

19.19 

121.40 

Rolls  Royce ,  RDa7 

0.29 

2.11 

8. SI 

0 .  S  7 

5.55 

Garrett  AlResearch,  TPK711- 

2 

0.54 

8. OS 

29.80 

1 . 59 

7.18 

Pratt  and  Whitnev,  PTbA-27 

0.28 

1  . 2  S 

1.12 

1  .80 

2.80 

General  Electric,  700-21) 

0.82 

4.2b 

1  4  .bO 

1  .65 

9.98 

AVCO  Lycoming,  TI0540  J2B2 

0.01 

o.os 

0.09 

0.11 

0.05 

aAl 1  emission  rates  except 

those  for 

landing 

are  from 

Pace  (1977). 

The  land- 

i  ng  emission  rates  are  computed  bv  assuming  that  the  landing  operation  con¬ 
sists  of  602  idle,  242  takeoff  thrust  (i.e.,  thrust  reversers),  and  162 
approach  thrust  (to  account  for  the  spool  down/up/down  cycle). 
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median)  am  to  direct  emission  hv  which  air  in(t  operations  can  affect 
atmospheric  NOj  concentrations.  A  discussion  of  tiie  relevant  chemistry  is 
given  in  Sec.  3.1.3;  it  is  sufficient  here  to  point  out  that  the  conversion  of 
Nu  to  NO7  is  a  nonlinear  process  in  which  tiie  rate  of  conversion  at  a 
particular  point  in  a  plume  depends  upon  the  product  of  the  NO  and  0-j 
concentrations  at  that  point.  This  type  of  behavior  significantly  complicates 
the  mathematical  formulation  of  a  mode!  unless  simplifying  assumptions  can  he 
made.  Some  possible  assumptions  will  be  discussed  helow.  In  general,  the 

presence  of  nonlinear  chemical  processes  implies  that  all  N0X  sources  that 

contribute  significantly  to  No^  levels  at  the  same  time  at  a  given  rereptor 
musr  be  treated  simultaneously.  It  Is  incorrect  in  principle  to  calculate  the 
effects  of  different  sources  separately  and  then  to  estimate  the  total  effect 
by  adding  them,  as  is  commonly  done  in  air-quality  models  for  Inert 

substances.  The  implication  is  that  if  the  exhaust  plume  (  rom  an  aircraft 

takeoff  event  overlaps  or  interacts  with  the  plume  from  another  source, 
including  a  previous  takeoff  event,  both  must  be  considered  simultaneously. 
Kortunatelv,  data  taken  at  Washington  National  Airport  Indicate  that 
individual  takeoff  plumes  mav  in  fact  he  considered  Independently,  at  least  in 
the  vicinity  of  the  airport,  since  they  are  sufficiently  far  apart  that  they 
do  not  interact  with  each  other  over  the  distances  of  interpst  here 

(Yamartlno,  et  a).,  1980a).  The  basic  approach  to  be  used  in  the  model  Is 

therefore  to  treat  takeoff  events  on  an  Individual  basis  and  to  predict  one- 
hour  average  NO^  concentrations  in  terms  of  these  individual  contributions. 

Under  sufficiently  low  wind-speed  conditions  and  sufficiently  high  aircraft 
takeoff  activity,  the  assumption  of  non  i  n t c rac 1 1 ng  plumes  may  become 
invalid.  In  addition,  the  presence  of  a  significant  contribution  from  some 
other  source,  located  either  on  or  off  the  airport  grounds,  must  generally  be 

taken  Into  account.  In  this  work  It  is  assumed  that,  with  the  exception  of 

the  takeoff  plumes  themselves,  the  trace-chemical  composition  of  the  ambient 
atmosphere  is  homogeneous  in  spare  and  constant  in  time,  at  least  over  the 
one-hour  period  tor  which  a  prediction  is  to  be  made. 


3.1.2  Treatment  of  Initial  Jet-Plume  Kffects 


The  problem  of  describing  the  behavior  of  a  jet  t  akeof  f-exhaus  t  plume 
in  the  atmosphere  Is  In  some  sense  equivalent  to  that  of  describing  the  mean 
trajectory  and  evolution  In  size  of  a  hot,  turbulent,  fluid  jet  emitted 
parallel  to  and  some  distance  above  a  solid,  plane  surface  Into  another  turbu¬ 
lent  fluid  medium  whose  turbulence  properties  depend  on  the  height  above  the 
surface  and  whose  mean  flow  speed  and  direction  bear  no  special  relation  to 
that  of  the  initial  jet.  The  evolution  of  such  a  turbulent,  fluid  jet  is  not 
well  understood  theoretically  nor  Is  It  we  1 1 -character  1  zed  on  an  observational 
basis.  One  characteristic  of  any  fluid  jet,  however,  is  that  the  initial 
energy  imparted  to  the  fluid  is  eventually  dissipated,  and  the  motion  and  rate 
of  growth  of  a  Jet  plume  in  the  atmosphere  becomes  controlled  by  ambient 
turbulence  at  or  near  the  point  at  which  the  rate  of  dissipation  of  energy  in 
the  Jet  has  decreased  nearly  to  ambient  levels.  The  basic  philosophy  adopted 
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In  t  hi--  w.-rk  regarding  the  t  reatr.ient  of  the  dynamic  effects  of  the  Initial  jet 
Vf  I  m  i  l  v  ci. iv  he  summ.i  r  1  zed  by  saving  that  (1)  no  attempt  Is  made  to  simulate 
in  detni  I  tin  behavior  of  t  lie  jet  plume  near  the  engine,  where  the  plume 
veloeitv  is  s  i  gn  i  t  i  cant  1  v  different  from  the  ambient  wind  velocity  and  where 
turbulent  elicits  ire  poorlv  known,  and  (2)  the  model  is  required  to  describe 
tlie  transport  and  dispersion  of  exhaust  emissions  only  after  that  point  at 
whieb  ambient  turbulence  and  meteorological  conditions  become  the  controlling 
factors.  Spec  i  I  i ca 1 1 v,  the  model  describes  the  emission  of  a  plume  by  a 
moving  et  aircraft  during  takeoff  in  terms  of  an  equivalent  but  dynamically 
passive  emission  at  in  effective  (moving)  source  point  and  with  an  effective 
initial  spatial  distribution.  The  effective  source  location  and  size  are 
determined  from  the  initial  jet-exhaust  velocity  and  thermal  content  using 
umI  '..bit  empirical  estimates  of  the  rate  of  energy  "ssfpatlon  In  a  simpler 
tur‘ licit  et  and  the  trajectory  followed  by  a  simple  jet  Injected  into  a 
f  i  nv  i  ’’led  turn. 

’he  physical  situation  is  sketched  in  Fig.  1.1,  which  shows 
si i e- at i i  1 1  1  v  a  snapshot  of  an  exhaust  plume  from  a  single  moving  jet  engine 
to."  tr  r  iK ‘\t  and  looking  down  on  the  plume.  The  ambient  wind  direction  is 
t  i  V  e 1  t  <  •  be  at  an  angle  *i  to  the  takeoff  direction  and,  following  the 
:  •  -i.irv  ceivent  l  on ,  the  coordinate  axes  are  defined  along  and  perpendicular 
t  the  wind  veloeitv.  The  effective  source  location  and  effective  Initial 
t  ..ssi  ..tandard  deviation  o  are  shown,  as  are  the  relative  orientations 
l  the  vari-nis  velocities  involved  in  the  problem.  In  reality,  at  least  three 
additional  I  actors  affect  the  location  of  the  source  point  and  the  effective 
initial  standard  deviation.  The  first  fs  that  most  commercial  aircraft  use 
•  than  one  let  engine  and  therefore  emit  more  than  one  exhaust  plume. 

!*ce  plumes  interact  with  each  other,  complicating  the  picture  even  further 
•to-  ;».•  piint  ef  view  of  the  dynamics  of  plume  turbulence,  and  the  relative 
t •  i!  and  horizontal  separations  of  the  engines  contribute  to  the  effective 
•  t.  i ;  exhaust  distribution.  The  second  factor  is  that  a  moving  aircraft 
■ioe:  it  ei.  i  t  ur  bit  tent  wake  that  exists  over  a  dimension  comparable  to  the 
w;  I-  i,t  the  ifreraft.  This  additional  turbulence  also  contributes  to  the 

ini:  i  i!  spread.  The  third  factor  is  that  when  a  jet  is  injected  into  a  fluid 
m-ivi-c  ,if  hi  angle  to  the  Initial  jet  velocity,  the  motion  of  the  fringes  of 
the  ,t  i affected  bv  the  motion  of  the  medium  earlier  than  the  motion  of  the 
jet  •  ore  is,  resulting  in  a  distortion  of  the  shape  of  the  jet  cross-section 
and  the  possible  generation  of  vortices  (Abramovich,  1961).  The  distribution 
miv  become  somewhat  flattened  on  the  upwind  side  of  the  jet  and  somewhat 
elongated,  particularly  near  the  top,  on  the  downwind  side.  The  effect  is 
qua  1 i t at  1 ve 1 v  similar  to  that  of  wind  shear  on  elevated  plumes  and  results  In 
an  additional  enhancement  of  the  effective  crosswind  spread. 

Kmpfrlial  descriptions  of  the  trajectory  of  the  center  of  mass  of  a  jet 
emitted  into  a  crosswind  and  of  the  rate  of  dissipation  of  turbulent  energy  as 
a  fund  ion  of  position  along  that  trajectory  are  required  in  order  to  estimate 
the  position  of  the  effective  source  point.  No  theoretical  or  experimental 
results  seem  to  exist  for  this  specific  situation,  and  it  is  necessary  to  make 
the  simplifying  assumption  that  the  energy  dissipation  rate  is  independent  of 
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the  shape  of  the  trajectory.  This  assumption  Is  unlikely  to  be  strictly 
valid,  although  its  validity  presumably  increases  as  the  angle  0  approaches 
zero.  With  the  assumption,  available  empirical  results  can  be  used. 


Abramovich  (1963)  summarizes  the  experimental  results  available  at  the 
time  on  the  tra)ectory  of  a  circular  )et  in  a  moving  medium,  and  of  the 
empirical  equations  given,  the  one  most  applicable  to  the  present  problem  is: 


d 


cot  0 


(3.1) 


in  which  d  denotes  the  Initial  let  diameter  and  qoj  and  qo2  denote  the  dynamic 
pressures  in  the  ambient  flow  and  in  the  initial  let,  respectively,  and  are 
given  hv: 


%1 


2 

u 

a 


and  qo2 


where  ambient  and  exhaust  densities  are  denoted  by  pfl  and  pp.  The  ori:  in  of 
the  coordinate  system  has  been  taken  at  the  Jet  origin  and  the  sign  of  the 
variable  y  in  F.q.  3.1  is  opposite  to  that  shown  in  Fig.  3.1.  The  ambient  wind 
speed  is  denoted  by  ua,  the  aircraft  speed  by  v,  and  the  Jet  exhaust  velocity 
relative  to  the  aircraft  by  ue< 

Briggs  (1969,  1975),  in  discussion  of  the  plume  rise  of  neutrally 

buoyant  vertical  lets  in  a  cross-wind,  gives  a  variety  of  expressions 
including  his  theoretical  result  (Briggs,  1975,  Eq .  45,  rewritten  for 
comparison  with  F.q .  3.1): 


(3.2) 


Both  expressions  indicate  that  x  is  proportional  to  y3  for  0  *  90°,  but  differ 
in  the  value  of  the  proportionality  constant.  In  F,q.  3.2,  B  is  given  bv  0.4  + 
1  ,2ua/(ue~v ) .  For  the  case  pp  -  pg,  ufl  »  5  m/sec,  up  *  230  m/sec,  v  ■  0,  and 
0  -  90°,  Eq.  3.1  gives  (y/d)  -  0 .0362 ( x/d ) 1  / 3  while  F.q.  3.2  gives  (y/d)  - 
0.0485  (x/d)*^3.  Thus  the  predicted  values  of  y  using  the  two  equations 
differ  by  a  constant  factor,  0.0352/0.0485  »  0.75  in  this  case.  An 
uncertainty  of  this  magnitude  is  not  unreasonable,  and  the  plume  trajectory 
given  by  F.q.  3.1  was  initially  chosen  for  use  in  this  work  simply  because  the 
dependence  on  the  angle  8  is  explicitly  given. 


The  evolution  of  an  axlsymaet rlc,  neutrally  buoyant  Jet  emitted  into  an 
effectively  infinite  unbounded  space  containing  a  coflowing  or  stationary 
fluid  has  received  considerable  experimental  and  theoretical  attention  (see 
Abramovich,  1963;  Hlnze,  1975;  and  Tennekes  and  Lumley,  1972,  for 
discussions).  Tennekes  and  Lumley  give  the  following  expressions  for  the  peak 
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excess  velocity  Uj  In  such  a  jet  and  the  standard  deviation  o  In  the  cross- 
flow  direction  of  the  let  velocity  distribution: 


0.067s 


in  which  s  denotes  the  distance  fro®  the  jet  origin  measured  along  the 
trajectory  (which  Is  straight  along  the  symmetry  axis  In  this  simple  case), 
and  UjQ  is  the  Initial  excess  velocity  above  the  ambient  flow  velocity.  The 
factor  0.067  In  the  expression  for  a  may  be  interpreted  as  the  tangent  of  half 
the  angle  $  subtended  by  the  length  2a  at  a  distance  s  from  the  origin;  the 
corresponding  value  of  $  Is  7.6°.  If  Instead  an  angle  of  6  -  9<’~12°  (Tank  and 
Hodder,  1978)  Is  used,  the  factor  Is  in  the  range  0.079-0.105.  The  above 
expressions  for  uj/ujn  and  o,  In  combination  with  the  plume  trajectory,  Eq . 
1.1,  and  an  expression  for  the  energy  dissipation  rate  as  a  function  of  Uj  and 
a,  allow  the  estimation  of  the  effective  source  point  and  Initial  spread. 
According  to  Tennekes  and  Lumley  (1972;  see  also  Briggs,  1975),  the  energy- 
dissipation  rate  tj  within  a  circular  jet  may  be  written  as: 


CJ  ” 


(3.3) 


in  which  A  Is  a  dimensionless  coefficient  of  order  unity.  Substitution  for  Uj 
and  a  In  terms  of  a  gives: 


CJ 


2.6  »  10  A  (UJo]/s  x' 
tan($/2)  \  d  /  \  d  ) 


(3.9) 


The  effective  source  point  Is  defined  as  that  point  on  the  plume  trajectory  at 
which  tj  ■  Bca,  where  denotes  the  ambient  turbulent  energy  dissipation  rate 
and  B  Is  a  coefficient  In  the  range  1  to  10.  If  the  distance  along  the  plume 
trajectory  from  the  Jet  engine  to  the  effective  source  point  is  denoted  by  s', 
then  s'  My  be  evaluated  In  terms  of  ca  and  the  characteristics  of  the  jet 
engine: 


1/4 


1 

tan($/2) 


1/4 


(3.5) 


The  ln'tlal  exhaust  velocity  of  the  Jet  may  be  written  In  terms  of  the  thrust 
f  produced  by  the  engine  and  the  exhaust  density  pe: 
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and  Uj  is  given  hv: 


Mo 


|  Up  -  v  -  UaCOS*| 


(3.6) 


(3.7) 


Taking  $  »  10.5°  and  A/B  ■  1  and  collecting  constants  in  F.q.  3.5,  the 

expression  for  s'/d  becomes: 


L  a 


with  the  value  of  the  coefficient  7.3  uncertain  by  perhaps  plus  or  minus  50%. 


Thus,  bv  virtue  of  Eqs.  3.1  and  3.8,  the  plume  trajectory  and  the 
location  on  it  of  the  effective  source  point  may  be  estimated  for  a  single 
Jet.  Referring  to  Fig.  3.2,  which  is  simply  Fig.  3.1  redrawn  to  shown 
distance  and  angle  relationships  more  clearly,  it  can  be  seen  that  once  the 
distances  x'  and  y'  are  determined  from  the  distance  s'  and  the  known  path  of 
the  plume,  the  distances  lj  and  1^  may  be  found  from: 

1  «  x ' cosO  *  v ' s i nO 

(3.9) 

1  -  x  '  s i n 0  -  v ' cos9 


In  Fig.  3.2,  the  effective  source  location  is  identified  by  a  black  dot.  A 
mathematical  inconvenience  arises  at  this  point  in  that  analytic  expressions 
for  x'  and  y'  in  terms  of  s'  and  9  cannot  be  found,  and  these  distances  are 
determined  using  an  appropriate  numerical  procedure  in  the  computer  code. 

Use  has  been  made  throughout  this  discussion  of  empirical  results 
relating  to  a  circular  Jet  in  an  unbounded  medium.  No  account  has  been  taken 
of  the  effects  of  the  ground  surface.  Abramovich  (1963)  gives  some 
Information  about  these  effects,  but  very  recently  a  paper  by  Davis  and 
Winarto  (1980)  has  appeared  that  contains  the  result  of  an  experimental 
investigation  into  precisely  the  effects  in  question.  The  results  described 
in  that  paper  indicate  that  the  treatment  of  the  effective  source  location  is 
reasonably  valid.  Particularly  interesting  results  are  given  for  the  relative 
rates  of  vertical  and  horizontal  spreading  of  the  plume.  In  unbounded  space, 
an  initially  axlsymmetric  jet  in  a  stationary  or  coflowing  medium  remains 
axlsymaetrlc,  there  being  nothing  to  disrupt  this  symmetry.  The  results  of 
Davis  and  Winarto  indicate,  however,  that  the  ratio  of  the  horizontal  and 
vertical  spreading  rates  approaches  a  limiting  value  of  about  8.5  at  large 
distances  from  the  Jet  nozzle.  This  observation  may  have  very  significant 
Implications  for  the  estimation  of  the  effective  initial-plume  standard 
deviations  0yQ  and  ogo. 
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No  mention  has  been  made  thus  far  of  the  plume  rise  In  takeoff 
plumes.  This  effect  Is  certainly  slgnif leant;  however,  no  measurements  were 
initially  available  with  which  to  estimate  the  rise  of  such  a  plume.  The 
approach  adopted  in  this  work  to  simulate  takeoff  plume  rise  is  discussed  in 
Sec .  1.1.6. 


1.1.1  Treatment  of  Chemistry 

As  indicated  earlier,  both  N02  and  NO  undergo  rapid  chemical  reactions 
In  the  atmosphere  and,  in  particular,  NO  may  be  converted  to  N02,  thereby 
making  all  of  the  N0X  emissions  relevant  to  the  problem  at  hand  rather  than 
lust  that  small  fraction  that  is  actually  NO2.  Several  factors  affect  the 
choice  of  a  suitable  treatment  of  these  processes,  including  the  details  of 
the  chemistry  involved;  the  rates  of  the  various  reactions;  the  availability 
of  data  on  specific  reaction  rates,  emissions,  and  other  quantities;  the 
desired  model  accuracy;  and  the  practicality  of  alternative  approaches. 
Before  considering  alternative  treatments,  a  brief  discussion  of  the  important 
chemical  facts  is  in  order. 

The  principal  chemical  reactions  that  govern  ambient  N02  concentrations 
are  (Seinfeld,  1977;  Oemer)lan  et  al.,  1974): 


N02  NO  0 

(A') 

0  ♦  02  ♦  M - ►O-j  *  M 

(A) 

NO  +  0-j. - ►N02  ♦  02 

(B) 

Reaction  A  is  very  fast,  due  to  the  high  ambient  concent  rat  ion  of  molecular 
oxygen  in  the  atmosphere,  and  as  a  result  reactions  A'  and  A"  may  be  combined 
Into  a  net  reaction  A: 

N(>2  ♦  02  llX  NO  +  03  (A) 

the  rate  of  which  is  the  same  aB  the  rate  of  N02  photolysis,  reaction  A'.  The 
hv  denotes  the  presence  of  light  of  suitable  wavelength.  The  rate  of  reaction 
A  (l.e.,  the  change  In  N02  concentration  per  unit  time  due  to  reaction  A)  is 
given  by  the  expression  k^(N02l,  where  k^  is  the  rate  coefficient  and  |N02] 
denotes  the  number  density  or  concent  rat  ion  of  N02.  Similarly,  the  rate  of 
reaction  B  is  given  by  the  expression  kg(NOl  (Ojl  .  The  rates  of  these 
reactions  depend  therefore  on  the  concentrations  and  on  the  values  of  rate 
coefficients,  which  in  turn  depend  on  ambient  conditions.  The  coefficient  k^ 
depends  on  the  light  intensity  in  the  wavelength  range  \  £  420  nm,  which  leads 
to  photodlssociation,  and  is  mainly  a  function  of  altitude  and  solar  angle. 
The  possible  values  of  k^  at  ground  level  range  from  0  to  approximately  0.60 
min”  for  an  overhead  sun  (Calvert,  1976).  The  coefficient  k^  is  a  function 
of  temperature,  and  la  given  by: 
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kg  »  2.3  *  10  exp(-t450/T)  cm^  sec-* 

or,  for  a  total  atmospheric  pressure  P  (atmospheres),  by: 

k„  »  1.01  *  lO*1  (  ^  )exp(-1450/T)  ppm-*min-* 


(Hudson  and  Reed,  1979;  Hampson,  1980),  T  being  the  temperature  in  degrees 
Kelvin.  At  25°C  and  a  total  pressure  of  one  atmosphere,  kg  *  26.2  ppm  * 
min-*.  Figure  3.3  exhibits  the  temperature  dependence  of  kg  in  the  form  of  a 
plot  of  log  kg  versus  1000/T  for  a  total  pressure  of  one  atmosphere. 

Mention  should  be  made  of  the  effect  of  hydrocarbons  on  the  NO2 
concentrations.  As  is  well  known,  the  presence  of  certain  types  of 

hydrocarbons  leads  to  the  production  of  significant  amounts  of  ozone  and  a 
corresponding  conversion  of  NO  to  NO2  over  periods  of  time  on  the  order  of  an 
hour  or  more  (Demer)lan  et  al . ,  1974;  Finlayson-Pitts  and  Pitts,  1977);  see 
also  Sec.  5  of  this  report.  In  the  discussion  to  follow,  we  will  be  concerned 
only  with  estimating  NO2  concentrations  in  the  immediate  vicinity  of  an 
airport,  at  distances  for  which  the  travel  time  is  typically  much  less  than 
one  hour.  The  effect  of  the  presence  of  hydrocarbons  will  therefore  be 
Ignored  in  the  formulation  of  the  model. 

Mention  should  also  be  made  of  the  effect  of  other  reactive  species 
present  in  the  atmosphere.  Nitric  oxide  may  be  converted  to  NOj  by  reaction 
with,  for  example,  atomic  oxygen,  NO  Itself  (in  the  presence  of  molecular 
oxygen),  and  free  radical  species  such  as  HO2  and  RO2,  where  R  denotes  an 
organic  component.  Reaction  of  NO  with  HO2  and  RO2  is  known  to  be  important 
in  the  generation  of  photochemical  smog  (Demer)ian  et  al.,  1974).  Nitrogen 
dioxide  may  also  be  converted  to  other  substances  by  reaction  with  0-j  and  free 
radicals,  primarily  OH,  HO2,  and  organic  oxygenated  radicals.  An  examination 
of  the  relevant  rate  constants,  in  combination  with  concentration  estimates, 
indicates,  however,  that  reactions  A  and  B  are  the  two  most  Important 
reactions  for  typical  urban  atmospheric  conditions,  although  the  significance 
of  reaction  A  clearly  decreases  with  the  light  Intensity  and  vanishes  at 
night.  Other  reactions,  thought  to  proceed  by  heterogeneous  mechanisms,  may 
be  significant  over  time  scales  of  an  hour  or  more,  particularly  at  night. 

As  a  result  of  the  relative  rapidity  of  reactions  A  and  B,  an 
approximate  "photostat lonary  state"  (Leighton,  1961)  may  exist  in  which  the 
net  effects  of  these  reactions  balance  each  other;  note  that  they  are 
essentially  the  reverse  of  each  other.  Equating  the  two  rate  expression 
yields  the  photoatatlonary-state  relation: 


|noHo3) 


(3.10) 
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Fig.  3.3  Teaperature  Dependence  of  NO  +  0,  Reaction-Hate  Coefficient 
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utir  certain  omul  i  1  i  mw ,  to  be  discussed  below,  Kq .  3.10  can  be  used  as  the 
'visis  lor  predicting  No.,  concentrations,  given  information  regard  inn  the  N0X 
source  strength  and  ambient  dispersion  rates  and  concentrations  of  W>2 ,  NO, 
■>nd  O^  (Peters  and  Richards,  19/7).  The  utilization  of  Rq .  3.10  will  be 
tesignated  as  the  " phot  os t a t 1 ona r v- s t at e "  approach. 

For  some  purposes,  a  simpler  approach  may  he  adopted  In  which  the 
1  Meets  ot  reaction  A  are  ignored.  This  approach,  the  "ozone- 1 imi t ing" 
method,  can  be  shown  to  he  a  special  case  of  the  photostationary-state 
approach  arid  to  represent  an  overestimate  or  upper  bound  to  the  true  NO2 
.on>ent ration  within  a  plume.  The  ozone- 1 i mi t i ng  method  consists  of 
estimating  the  No.  concentration  as  the  sum  of  a  contribution  from  direct  Nf>2 
emissions,  a  background  level,  and  a  contribution  from  NO  conversion  equal  to 
the  smaller  ot  the  ambient  ().  concentration  and  the  NO  concent  rat i on  from  the 
source  in  question,  estimated  as  if  no  chemical  processes  were  operating. 
This  procedure  amounts  to  assuming  that  k^  is  zero  and  kg  is  infinitely  large, 
wi tii  the  ratio  K  equal  to  zero.  since  this  method  is  easy  to  apply  and  is 
guaranteed  to  produce  an  upper  bound  to  the  N(>2  concentration,  it  may  be 
considered  suitable  tor  many  purposes.  A  complication  arises  in  the  case  of 
continuous  releases,  in  which  the  treatment  of  the  dispersion  of  the  plume 
becomes  important.  The  approach  adopted  here,  that  of  treating  individual 
takeoll  events,  avoids  tills  comp  1  i  cat  1  on . 

The  photostationary-state  apptoach  is  not  always  appropriate  In 
prtncip’e.  In  particular,  the  rates  of  reactions  A  and  B  may  not  be  fast 

enough  to  establisti  and  maintain  a  composition  satisfying  F.q .  3.10  if 

perturbations  that  cause  deviations  from  that  composition  are  present  and  act 
with  sufficient  rapidttv.  Such  perturbations  might  Include  rapid  variations 
i  n  the  ambient  light  intensity  and,  hence,  in  the  value  of  k^,  and  rapid 
mixing  with  air  of  a  different  composition.  It  Is  possible  to  develop 
criteria  for  identifying  such  cases,  based  on  the  chemical  "relaxation  time" 
(t)  of  the  phot  os t at  1  unary  state  and  the  characteristic  time  scales  involved 
in  t he  perturbation  considered.  For  example,  the  NO,  concentration  at  a  point 
in  a  plume  divided  by  the  rate  of  change  of  the  NO2  concentration  due  to  a 
rapid  dispersion  or  mixing  process  provides  an  Indication  of  the  dispersion 
time  scale.  If  that  time  scale  is  comparable  to  or  larger  than  1,  the 
composition  would  not  be  expected  to  satsifv  F.q,  3.10.  Conversely, 

perturbations  having  time  scales  much  less  than  t  would  indeed  alter  the 
concentrations  of  NOj,  NO,  and  O^  at  each  point,  but  those  concentrations 

would  he  expected  to  satisfy  Kq .  3.10  very  nearly  because  In  that  case  the 

chemical  reactions  proceed  rapidly  enough  to  maintain  the  photostationary 
state.  An  expression  for  1  in  terms  of  the  rate  coefficients  and  kg  and 
the  steady-state  NO  and  0^  concentrations  may  be  derived;  this  derivation  is 
carried  out  in  Appendix  I  as  part  of  a  discussion  of  the  exact  analytic 

expressions  for  the  NOj ,  NO,  and  0-j  concentrations  as  functions  of  time  in  a 
spatially  homogeneous  system.  The  expression  is: 

kA  *  k»(,N"L  *  '“l1..  ) 


r  - 


0.11) 
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In  which 
I  NO  |  + 


the  subscript  ss  denotes  "stationary  state".  Plots  of 


1  ss 


t  versus 
In  that 


[0,1  for  various  values  of  k.  are  given  In  Fig.  3.4. 
figure,  kg  is  taken  to  be  24.0  ppm  *  min  ,  correspond!  ng  to  a  temperature  of 
about  19°C  (bh“F).  As  can  be  seen  from  the  figure,  the  relaxation  time  for  a 
perhaps  typical  mid-plume  situation,  in  which  (N0lS8  is  0.2-0. 3  ppm  and  |0-,)SH 
Is  very  small  bv  comparison,  is  ori  the  order  of  10  seconds.  Based  on  this 
estimate,  it  is  expected  that  the  phot  os  t  at  i  onary-s  t  at  e  expression,  F.q  .  3.10, 
should  be  very  nearly  satisfied  within  the  takeoff  plume  of  an  aircraft,  the 
characteristic  dispersion  time  scale  being  much  smaller  than  this.  As 
discussed  in  S“c.  2.2.7,  our  results  verify  this  expectation. 


observational  support  for  the  use  of  Eq .  3,10  in  a  model  is  also 

provided  by  measurements  made  in  plumes  from  f oss i 1- fuel -f 1  red  power  plants 
( Hegp .  et  al  .  ,  197b,  1  977;  White,  1977;  Bowen  and  Stearns,  1977),  These 

studies  all  indicate  that  reactions  A  and  B  are  sufficient  to  explain  the 

observed  concent  rat i ons  and  that  the  rate  of  converison  of  NO  to  NO2  within  a 
plume  as  a  whole  is  governed  by  the  rate  at  which  the  plume  disperses  and 

entrains  ambient  air  containing  ozone.  The  latter  conclusion  implies  that  the 
chemistry  is  fast  enough  to  maintain  a  photostationary  state,  so  that  the 
process  limiting  the  conversion  rate  is  plume  dispersion.  Nitrogen  oxide 

chemistrv  within  power-plant  plumes  has  been  simulated  in  smog  chamber 

experiments  bv  Spicer  and  co-workers  (Spicer,  et  al.,  1981  and  Sverdrup,  et 

al.,  1987).  Equation  3.10  has  also  been  verified  directly  in  smog-chamber 

experiments  (O'Brien,  1974)  and  in  polluted  urban  atmospheres  (Calvert,  197b; 
St  oilman  and  Jackson,  1973).  Our  ambient  concentration  measurements  are  also 
consistent  with  Eq .  3.10,  as  discussed  in  Sec.  2.2.1.  The  work  of  Eastman  and 
Stedman  (1980)  may  be  consulted  for  a  demonstration  of  the  dynamic  response  of 

ambient  0^  levels  to  a  variation  in  light  Intensity  due  to  a  partial  solar 

eclipse  (see  also  Babe  et  al.,  1980). 


It  Is  Interesting  to  note  that  systematic  departures  from  the 
phot ost at i onary-st ate  relation  have  also  been  observed  (Ritter  et  al.,  1979, 
and  Kelly  et  al  .  ,  1980).  These  observations  were  made  in  "clean"  rural  sites 
in  northern  (lower)  Michigan  and  in  Colorado,  and  reactions  involving  peroxy 
radicals  such  as  H07  and  RO2  are  suggested  as  a  possible  reason  for  the 
departures  from  Eq .  3.10. 


The  arguments  and  evidence  just  presented,  as  well  as  the  results 
obtained  in  this  program,  indicate  that  the  phot os t at  1 onary-st ate  approach  is 
suitable  for  use  in  a  model  for  predicting  NO2  levels  within  aircraft  takeoff 
plumes,  and  it  has  been  adopted.  It  is  also  necessary  to  assume  that  the 
ambient  NC>2 ,  NO,  and  0-j  concentrations  satisfy  Eq .  3.10;  as  Indicated  above, 
this  assumption  is  supported  by  observations  made  In  urban  areas  but  not  in 
clean  rural  areas.  Even  In  very  clean  areas,  however,  the  assumption  of  an 
ambient  photoatat lonary  state  is  very  unlikely  to  lead  to  significant  error  in 
predicting  aircraft  Impacts  on  NO2  levels  since,  because  of  the  relatively 
high  plume  concentrations  of  NO,  a  stationary  state  is  expected  within  the 
plume  even  If  It  does  not  hold  in  the  ambient  air.  The  assumption  is 
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tostationarv  State  Relax 


Mcivss.irv,  however,  in  order  to  avoid  certain  mat  hemat  i  -ra  1  I  neons  i  st  cnc  1  es  in 

t  In-  "toilo  I  . 

In  order  to  utilize  Kq .  3. in  to  predict  NO^  concentrations  within  a 

plume,  one  needs  to  he  able  to  predict  t ho  concentrations  of  Nt^,  NO,  and  fh 
e-uminc  that  no  r.  actions  take  place,  l.e.,  as  It  these  substances  were 
-  lien-.i  i.i  1  I  v  Inert.  It  the  volume  mixing  ratio  of  jet  exhaust  gas  at  a  point  In 
the  plume  is  denoted  hv  f,  then  the  concentration  of  some  inert  substance  X  at 
that  point  is  it,  i  ven  bv : 

!\|  -  t|x!„  ♦  (  1  -t  )  {  X  |  ^  0.12) 


whi  ie  subscripts  e  and  a  denote  exhaust  and  ambient  concentrations, 
1 1  sportively.  The  mixing  ratio  I  is  defined  as  the  traction  of  a  small  volume 
>t  ims,  located  at  the  point  in  question,  that  is  exhaust  Has,  so  that  1  -  f 
is  the  traction  that  is  entrained  ambient  air.  If  the  Nl^,  No,  and  0-^ 
concentrations  predicted  using  Flq .  3.12  are  denoted  hv  { Nt>2 )  o  *  an^ 

!  ’,}  the  application  of  the  phot ost at t onar v-st at e  relation  amounts  to 

c-rieiting  these  concentrations  tor  the  effects  of  reactions  A  and  B.  This 
correction  is  accomplished  using: 


O.lla) 

n.nb) 

(3.13c) 

(3.14a) 


1  *  in<m0  ♦  if>1io  n.i4b) 

h  -  IN(»|(>  -  |n3lo  n.Uc) 

T  >)#■  .  prr*'i  t  cd  i  unrent  rations  nr**  the  predicted  concentrations,  vising  this 

appr  i  >.t<  h .  The  ozone- 1  i  mi  t  i  njt  approach  amounts  to  setting  K  =  n  in  hq.  1.14a, 

which  then  becomes  simply: 


fnl”(a-|b|)/2  (3.1‘>) 

thus,  tlx-  ozone- 1 i ml t 1 ng  approach  Is  a  special  case  of  the  photostationary- 
state  approach  and  the  two  are  equivalent  at  night,  when  “  n. 
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The  formulation  of  a  funeral  approach  to  time-dependent  models,  such  as 
Is  required  here,  has  been  given  bv  l,amb  and  Seinfeld  (1971)  and  was  adopted 
in  slightly  modified  form  In  this  program.  The  basic  equation  for  the 
prediction  of  the  concentration  of  an  inert  substance  was  taken  to  be: 


('.  (  x  ,  t  ) 


m: 


dx ' C( x ' , t ' )P( x ,  t ; 


0.18) 


in  which  C(x,t)  denotes  the  concent  rat i on  at  position  {(*  x,y,z)  at  time  t, 
C(x',t')dt'  the  concentration  increase  at  position  x'  due  to  emissions  over 
the  lime  interval  from  t'  to  t'  +  dt '  ,  and  P(x,t;  x',t’)dx'  the  fractional 
contribution  to  C(x,t)  from  material  located  in  volume  element  dx*  at  position 
x'  at  time  t'.  P(x,t;  x*,t')  is  essentially  a  normalized  distribution 
function  that  describes  the  transport  and  dispersion  processes  that  cause  an 
emission  at  (x',t')  to  affect  concent  rat i ons  at  (x,t);  P  Is  usually  referred 
to  as  the  transport  kernel.  The  first  basic  assumntfon  adopted  In  this 
formulation  is  that  the  transport  kernel  is  Gaussian  and  depends  only  on  the 
travel  r 1  me  t  —  t  ‘  : 

P(x,t;x',t')  -  Kp(x,x* ; t-t ' )Gp(y , v' ; t -t ' )Sp(z ,z ’ ; t-t ' )  (9.19) 

with 

0.20) 


F  (  x  ,  x  '  ;  t  -  t  '  )  « 


1  /x-x ' -u( t -t  '  )  | 

2  o  ' 


In  these  expressions ,  ox,  o  and  are  functions  of  the  travel  time  t  —  t  '  ,  u 
denotes  the  mean  wind  speed  over  the  travel  time,  and  perfect  reflection  it 

ground  level  has  been  assumed  fn  Kq .  9.22.  The  x-axls  is  taken  In  the  direc¬ 

tion  of  the  mean  wl nd-ve loc 1 t y  vector,  and  the  wind  velocity  Is  implicitly 
assumed  to  he  homogeneous  In  the  region  between  source  and  observer. 

Furthermore,  the  dispersion  coefficients  a  and  a  are  assumed  to  be  equal  for 

x  y 

all  travel  times,  and  will  be  denoted  by  o^,  the  horizontal  dispersion 

coefficient.  It  can  be  seen  by  an  examination  of  Eqs.  1.19-9.22  that  the 
transport  kernel  has  the  form  of  a  Gaussian  puff,  which  is  released  at  (x',t') 
and  contributes  to  the  concentration  at  (x,t). 

The  second  basic  assumption  Is  that  the  effective  initial  source 
distribution  ts  also  Gaussian: 


h  1 


'•1.4  Treatment  of  Transport  and  Plspcrs  1  on 


In  order  to  he  compatible  with  the  treatment  of  chemical  effects 
discussed  in  the  previous  section,  the  treatment  of  transport  and  dispersion 
used  in  the  NO,  model  was  required  f  o  predict  tire  "initi.il"  concent  r  a!  I  ons  ol 
No,  NO-,,  and  O^,  t.e.,  those  which  would  exist  within  the  plume  it  no  chemical 

reactions  took  place.  These  concentrations  were  denoted  |No)  [N0.,|  ,  and 

l<>q!n  in  the  previous  section.  The  effects  of  ehemistrv  are  then  handled  hv 
the  phot  os  t  at  i  onar  v-s  t  at  e  method,  arid  the  predicted  "true”  concentrations  ir. 
those  obtained  using  K.qs.  1.11  and  1.14.  in  order  for  this  approach  to  he 
valid,  however,  t hi-  initial  concentrations  must  he  predicted  lor  a  particular 
instant  in  time  and  for  a  particular  location  at  that  Instant;  in  other  words, 
the  model  must  he  capable  of  describing  Individual  true,  physical  plumes  and 
not  simplv  time-averaged  concentrations  from  one  or  more  plumes. 

To  see  whv  this  requirement  arises,  consider  a  simple  example  in  which 
lor  a  tin*'  Interval  M/2  constant  Initial  concent  rat  ion  values  of  x  v 
and  z0j  are  predicted  (with  x  denoting  V  denoting  |  NO  ]  ,  and  /.  denoting 

I  0,1)  and  for  the  next  time  interval  M/2  different  constant  initial  values 
X0i,  v,,,7>  and  z(1,  are  predicted.  Wren  the  phot  os  t  at  i  ona  r  v-s  t  at  e  procedure 
described  in  I  he  previous  section  is  applied  separately  to  these  two  time 

intervals,  two  different  values  of  r,ss.  denoted  hv  |  and  , ,  are  produced  and 

t In'  predicted  No,  concentrations,  including  chemical  etlects,  are  given  hv  xt)| 
*  |  and  x()->  ♦  r,j.  It,  however,  on  1  v  the  average  initial  concentrations  over 

the  entire  interval  At,  denoted  x(),  vf>,  and  z(),  ar<-  predicted  hv  the  transport 

and  dispersion  algorithm,  and  if  these  values  are  inserted  into  Kq  .  1.14  to 

produce  the  corresponding  value  of  !.  (denoted  hv  r.)  ,  the  predicted  NO., 
concentration  value  x  would  he  given  hv 

*  -  *  r-  ■  ^xoi  +  xo.-’  4  r-  n.ih) 


The  true  average  NO,  concentration  over  the  entire  time  interval  At  is  given 
hv : 


:<  x  , 


,(x 


ol 


*  *o?> 


7<'-| 


a  > 


( 1.17) 


Comparison  of  these  two  equations  shows  that,  while  the  Initial  ( pre-chemi cal - 
reaction)  concentrations  may  be  averaged  to  obtain  the  correct  average  no- 
chemist  rv  value,  the  correction  lor  the  effects  of  chemistry  are  not  the  same 
in  the  two  cases  because  f,  is  not  a  linear  function  of  the  initial 
concent  rat  i  on  values.  In  other  words,  since  T  is  not  equal  to  (f.j  +  f.,)/2,  x 
Is  not  equal  to  x.  In  general,  in  order  to  predict  the  true  average  NO, 
concentration,  separate  predictions  must  he  made  at  a  (possibly  large)  number 
of  times  and  then  averaged.  This  is  especially  the  case  when  emissions  occur 
only  Intermittently  and  large  fluctuations  in  the  initial  concentrations  occur 
at  the  location  lor  which  ,  ;  -dictions  are  to  be  made.  Tills  is  precisely  t he 
situation  with  regard  to  air  gait  effects  from  takeoff  events,  although  it  is 
also  the  case  for  continuous  plumes  because  of  the  meandering  of  such  plumes. 
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The  formulation  of  a  general  approach  to  time-dependent  modelB,  such  as 
is  required  here,  has  been  given  hy  Lamb  and  Seinfeld  (1971)  and  was  adopted 
in  slightlv  modified  form  in  this  program.  The  basic  equation  for  the 
prediction  of  the  concen t ra t i on  of  an  Inert  substance  was  taken  to  be: 


G(x  ,t ) 


■IH 


dx '  C(  x '  ,  t '  )P(  x  ,  t ;  x\t') 


(3.18) 


In  which  C(x,t)  denotes  the  concentration  at  position  ?("  x,y,z)  at  time  t. 
C(x',t')dt'  the  concentration  Increase  at  position  x'  due  to  emissions  over 
the  time  interval  from  t'  to  t'  +  dt',  and  P(x,t;  J',t')dx'  the  fractional 
contribution  to  C(x,t)  from  material  located  in  volume  element  dx'  at  position 
x'  at  time  t'.  P(x,t;  x',t')  is  essentially  a  normalized  distribution 
function  that  describes  the  transport  and  dispersion  processes  that  cause  an 
emission  at  (x',t')  to  affect  concent ra t i ons  at  (x,t);  P  is  usually  referred 
to  as  the  transport  kernel.  The  first  basic  assumption  adopted  in  this 
formulation  is  that  the  transport  kernel  is  Gaussian  and  depends  only  on  the 
t  ravel  t ime  t-t '  : 


P( x , t ; x '  ,  t '  ) 


F  (x.x*; t-t’ )Gp(y,y'; t-t’)S  (*,«'; t-t*  > 


(3.19) 


with 


V  (x,x'; t-t  '  ) 


Gp(x,x’  ;  t  -t  '  ) 


S,,(  z,z' ;  t-t  * ) 


(3.20) 


(3.21) 


(3.22) 


In  these  expressions,  ox,  o  ,  and  az  are  functions  of  the  travel  time  t-t',  u 
denotes  the  mean  wind  speed  over  the  travel  time,  and  perfect  reflection  at 
ground  level  has  been  assumed  in  Eq .  3.22.  The  x-axis  la  taken  in  the  direc¬ 
tion  of  the  mean  wind-ve loc 1 1 y  vector,  and  the  wind  velocity  is  implicitly 
assumed  to  be  homogeneous  in  the  region  between  source  and  observer. 
Furthermore,  the  dispersion  coefficients  ax  and  are  assumed  to  be  equal  for 
all  travel  times,  and  will  be  denoted  by  o^,  the  horizontal  dispersion 
coefficient.  It  can  be  seen  by  an  examination  of  Eqs.  3.19-3.22  that  the 
transport  kernel  has  the  form  of  a  Gaussian  puff,  which  is  released  at  (x',t') 
and  contributes  to  the  concent  rat  ion  at  (x,t). 


The  second  basic  assumption  is  that  the  effective  initial  source 
distribution  is  also  Gaussian: 
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with 
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c(i’,t‘) 


Q(  t  )f  Q(x  '  ,x0)C0(y  ,y0)S0(z  •'!o^ 


(3.23) 


0.24) 


(3.23) 


0.26) 


In  these  equations,  Q(t’)  denotes  the  emission  rate  and  q^c  and  o  the 
Initial  values  of  the  dispersion  coefficients  (specifying  the  initial  plume 
sire);  x(),  y0,  and  z()  specify  the  position  of  the  effective  source  point  (see 
Figs.  1.1  and  1.2)  at  the  time  t’.  By  allowing  the  effective  source  position 
(*  ,y0)  to  he  a  function  of  time  t',  the  formulation  can  handle  moving  sources 
such  as  aircraft  during  takeoff.  The  vertical  effective  source  coordinate  z 
is  allowed  to  be  a  function  of  travel  time  in  order  to  simulate  plume  rise. 


In  the  case  of  aircraft  takeoff  events,  the  time  dependence  of  the 
emission  rate  was  taken  to  be 


<>(  t  '  ) 


<)  for  t'  <  t 

0  a  constant  for  t  ,  <  t'  £  t()  +  T 
0  for  f  >  t0  +  T 


0.2?) 


in  which  t  is  the  time  at  which  takeoff  Toll  begins  and  T  is  the  total  time 
required  for  takeoff. 

If  Kqs.  3.19-3.26  are  Inserted  Into  Kq .  3.1ft,  the  Integral  over  dx  may 
be  done  analytically  with  the  following  result: 


C(x,t)  -  f  Q(  t  ’  )F(x,xQ;  t ,  t '  )G(y  ,yc;  t ,  t '  )SU  ,zQ\  t-t '  )dt  ’ 
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with 


TTo775!, 


exp 


-u(t-t’)^2 
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(3.28) 


F(x,x0; t.t '  ) 


(3.29) 
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S(  /  ,?.  •  t  ,t  ’  ) 
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(2  i.)"X 


(2*)  F 


1 /Z*Z° 

+  exp  '  2^— 


(3.30) 


(3.31) 


whi-rr  tin-  "total”  dispersion  coefficients  F^  and  Z?  are  given  hy: 


lh  m  °ho  *  °h(t-t’) 


(3.32a) 


(3.32b) 


Everything  In  the  integrand  of  Kq.  3.28  Is  assumed  to  he  known,  and  although 
the  Integral  cannot  In  general  be  evaluated  analytically  to  give  an  explicit 
formula  for  C(x,t),  it  can  be  evaluated  numerically  for  any  particular  (x,t). 

It  is  worth  pointing  out  that  a  perhaps  more  commonly  used  alternative 
in  direct  numerical  Integration  for  the  evaluation  of  F.q .  3.28  is  to  divide 
ttie  time  interval  t-t0  into  N  segments  of  length  At  and  approximate  the 
integral  by  a  sum  over  segments: 


C(x.t)  -  QAt  Y,  !'('  j  )G(t  i  )S(t  i  ) 
i-l 


(3.33) 


K ( t  j )  -  K( x, x0( t  j ) ; t ,  t  j  ) 

<;(  t , )  -  <;(  v ,  v„(  t  j ) ;  t ,  t  j ) 

S(  t  ,  )  -  S(  z  ,  z0(  t  j  )  ;  t  ,  t  j  ) 
and  in  which  the  times  t,  are  given  by: 


'i  -  ‘o  +  (1  -  2)At 


(3.34a) 


(3.34b) 


(3.34c) 


(3.33) 


The  fact  that  0  Is  taken  to  be  constant  has  been  used  to  factor  the  quantity 
,,At  <)Ut  „f  the  summation.  Equations  3.33-3.33  constitute  the  traditional 
(.aussian-puf f  approach  to  this  type  of  problem,  QAt  being  the  mass  of 
pollutant  in  each  puff  and  tj  the  emission  times. 

The  approach  actually  used  to  evaluate  Eq.  3.28  was  a  direct  numerical 
Integration  method,  a  slightly  modified  version  of  an  adaptive  Simpson's  rule 


hi 


technique  rirvr  1  oped  bv  Linz  (  1972  ).  The  primary  reasons  why  this  approach, 
rather  than  the  Gauss 1 nn-puf f  procedure  described  In  the  previous  paragraph, 
was  chosen  were  that  the  numerical  procedure  allows  better  control  over  the 
errors  introduced  and,  due  to  its  adaptive  nature,  the  l.inz  method  promised  to 
he  more  efficient.  No  comparison  of  methods  was  made,  however,  and  all  that 
can  he  said  is  that  the  chosen  method  performed  quite  satisfactorily. 


1.1. S  Adjustment  of  Model  Parameters 

Specific  values  of  the  various  coefficients  and  parameters  that  appear 

in  t  he  preceding  formulation  are  required  before  the  model  can  actually  he 

run,  and  the  manner  in  which  they  were  determined  is  described  in  this  section 
and  the  next  one.  This  section  deals  with  parameters  that  relate  to  the 
determination  of  the  size  and  motion  of  the  effective  source,  and  the  next 
section  deals  with  t he  description  of  dispersion  and  plume  rise.  The 

specification  of  all  parameters  relating  to  the  plume  chemistrv  was  described 
1 n  Sec .  1.1.1. 

Table  1.2  shows  the  numerical  values  of  various  takeoff  parameters  for 
specific  aircraft.  The  physical  dimensions,  engine  positions,  and  average 
takeoff  distances,  speeds,  and  masses  were  provided  by  the  Great  Lakes  Office 
of  the  Federal  Aviation  Administration.  The  mean  accelerations  and  takeoff 

times  given  in  the  table  were  computed  from  these  data;  in  the  model,  t  ne 
acre  1 erat i on  t  .r  a  given  aircraft  type  was  assumed  constant  over  the  entire 
takeoff  roll.  The  takeoff  time  corresponds  to  the  quantity  T  in  Eq .  1.27. 

The  thrust  per  engine,  used  in  the  computation  of  the  effective  source  point, 
was  obtained  from  the  mass  and  the  acceleration  using  the  relation: 


Thrust  per  engine 


(mass)  »  (acceleration) 
number  of  engines 


(1.1b) 


The  etigf ne  positions  were  used  to  estimate  the  contributions  to  the 
initial  plume  size  due  to  the  tact  that  the  engines  are  not  all  located  at  the 
same  point.  An  examination  of  a  large  number  of  individual  plumes  provided  no 
clear  evidence  that  the  separate  plumes  from  the  different  engines  on  the 
various  aircraft  needed  to  he  treated  separately,  although  occasionally  it 
appeared  that  a  plume  consisted  of  two  nearly  superimposed  components.  It  was 
concluded  that,  for  the  purposes  of  modeling  aircraft  takeoff  plumes,  it  is 
entirely  adequate  to  assume  only  one  plume  per  aircraft.  It  was  felt, 
however,  that  the  initial  spread  of  that  plume  would  be  due  in  part  to  the 
separation  of  its  components,  and  for  a  given  aircraft  type,  the  initial 
values  of  the  dispersion  coefficients  and  a  were  estimated  from: 
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and 


°ho(turb)  +  Sh 
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°zo  '  °«o<turh)  +  Sz  H.37b) 

in  which  (turb)  denotes  the  contribution  from  turbulent  dispersion  within  each 
individual  component,  and  and  Sz  are  the  values  given  In  Table  3.2,  which 
were  in  turn  computed  from: 


and 


-i  z 
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i  S 


2)2 


( 3 . 38a ) 


(3.18b) 


The  quantity  dj  is  the  distance  of  engine  i  from  the  axis  of  the  aircraft,  Zj 
is  the  height  above  ground,  z  (the  emission  height  in  Table  3.1)  is  the 
average  of  the  Zj,  and  n  is  the  number  of  engines.  The  quantities  0^o( turb) 
and  olQ(turb)  were  taken  to  be  lb  m  and  8  m,  respectively,  and  are  independent 
of  aircraft  type.  An  attempt  was  made  to  estimate  (turb)  and  ozQ(turb) 
from  measurements  by  extrapolating  back  to  zero  travel  time,  but  the  measure¬ 
ments  were  Inadequate  for  this  purpose.  The  results  of  a  brief  sensitivity 
examination  indicated  that  model  predictions  are  relatively  insensitive  to 
changes  in  the  values  of  these  parameters. 

The  total  N0X  emission  rates  given  in  Table  3.1  were  computed  from 
Table  3.1  together  with  the  aircraft  type-engine  type  correspondence  given  by 
Yamartlno  et  al . ,  (1980a, b). 

The  1  ocat ion  of  the  effective  source  point  with  respect  to  the  moving 
aircraft  was  discussed  in  general  terms  in  Sec.  3.1.2.  An  examination  of 
plumes  observed  when  the  wind  was  from  the  southwest  and  of  the  corresponding 
predicted  plume  trajectories  indicated  that  the  best  qualitative  agreement 
with  observations  occurred  when  the  effective  source  point  was  located  on  the 
runway  axis  behind  the  aircraft  at  a  distance  given  by  F.q .  3.23  —  in  other 
words,  when  the  (y/d)  term  in  Eq .  3.16  is  ignored.  Relatively  few  plumes 
were  observed,  however,  and  no  attempt  was  made  to  determine  the  optimum 
description  quantitatively.  For  the  purpose  of  this  study,  F.q.  3.8  was  used 
to  estimate  the  distance  of  the  effective  source  point  behind  the  aircraft. 


using  engine  diameters  d  given  in 

Table  3.2 

and  assuming  an  ambient 

energy 

dissipation 

rate  of  0.125 

mVs\ 

a  value 

that 

is  typical  for 

neut ra\ 

atmoapherlc 

stability. 

The 

effective  source 

point 

accelerates  with 

the  aircraft. 

In 

the 

computer  code,  the  source 

point 

trajectory 

was 

computed  prior 

to 

any 

dispersion 

calculations  and 

positions  (*0(t’ 

).y0(t 

'))  at  half-second 

time 

Intervals  stored  in  an  array  for  reference.  The  initial  emission  height  was 
taken  to  be  equal  to  z,  although,  as  mentioned  earlier,  the  effective  emission 
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height  was  allowed  to  he  ,1  limit  ion  of  t  t  i  v  *  *  ]  t  i  mo  in  order  to  simulate  plume 
riii'. 

'.i.t>  Oct  I’tmi  nat  1  on  of  Dispersion  Coefficients  and  I’  I  time  Rise 

Tim  ifi  s per si  on  roof  f  i  c  i  nit  s  0jt  and  n  and  tho  hot /tit  above  /.round  ot 
rlii  pi  iimo  oontor  are  Important  quantifies  in  tli.it  modi  1  pro.)  i  r  t  i  mis  are 
sons  i  t  1  vo  to  changes  in  thorn.  Because  of  tho  necessity  of  adopt  I ng  a  I  I  im- 
lii'poiidont  modeling  approach,  it  is  also  m-cossarv  to  ho  ahlo  to  ostimato  plume 
dispersion  and  plnmo  rise  as  functions  of  travel  t  i  mo  rather  than  ot  travel 
distance,  as  is  usual Iv  done.  Furthermore,  since  the  approach  does  not  assume 
i  continuous  release  and  corresponding  steady  state,  the  more  common 
I  i spe r s i on-coef f i c  i  ont  formulas  used  in  dispersion  model  in/  are  ol  no  use. 
What  is  required  is  a  description  of  t  he  dispersion  ol  putts,  i.e.,  short- 
period  releases  of  material  into  the  atmosphere,  and  in  particular  a 
description  ot  the  dispersion  of  particles  relative  to  t hi' i r  center  of  mass. 

A  useful  summary  of  what  is  known  about  atmospheric  relative  diffusion 
is  provided  hv  Ciftord  (1977).  Based  on  the  discussion  of  C.iftord,  it  had 
hern  expected  prior  to  t  hi'  analysis  of  the  data  that  Oj  and  a  would  varv 
approximately  as  the  travel  time  raised  to  the  1.2  power,  and  a  preliminary 
version  of  the  model  incorporated  this  behavior  along  with  the  assumption  of 
'u-  plume  rise.  Initial  comparisons  of  preliminary  model  predictions  with 
observations  indicated,  however,  that  these  assumptions  were  in  error  and 
required  modification.  In  order  to  determine  the  neccss.tt  y  changes,  SO 
individual  plumes  (29  727  plumes  and  21  DC- 10  plumes)  were  Identified  for 

malvsis  and  were,  f ri  effect,  used  to  determine  the  dependence  on  travel  time 
of  ij  and  o  ,  as  well  as  of  the  height  of  the  plume  ( / n) .  Tables  1 . 1  and  '  ,U 
present  the  data  for  these  S<>  plumes. 

Tfie  data  presented  in  these  tables  consist  ot  the  vector  mean  wind 
speed  u  and  vector  mean  wind  direction  f),  the  ambient  temperature  ,  the 
estimated  N<i,  photolysis  rate  obtained  from  pvranometer  measurements  using 
Kq.  2.11,  ambient  Nf>x  and  o,  concent  rat  ions ,  peak  plume  concentrations  of  NO, 
V'x.  So,,  and  0-j,  the  contribution  from  the  aircraft  plume  to  the  N('x  and  No, 
dosage,  t  he  estimated  travel  time  of  the  plume  between  release  and  passage 

over  the  monitoring  site,  and  the  observed  effect ive  plume  width  0|,  at  the 
monitoring  site.  A  brief  explanation  of  how  these  quantities  were  determined 
is  in  order. 

Appendix  2  contains  a  discussion  ot  the  different  methods  ol  averaging 
wind  speed  and  direction  and  contains  formulas  with  which  various  quantities 
may  be  computed  from  a  set  of  observed  wind-velocity  vectors.  Since  wind 
speed  and  direction  were  measured  at  only  one  location,  neat  the  monitoring 

site,  the  determination  of  travel  time  and  of  the  vector  mean  wind  velocity 

involves  some  degree  of  approximation.  In  practice,  after  determining  the 
arrival  time  of  a  given  plume,  a  back  trajectory  was  computed  using  the  wind 
speed  and  direction  measurements  for  each  second  prior  to  t  he  arrival  time. 
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Table  1.1  7  2 7  Analyeia  Plu»ei»® 


l  l>W4 

u 

( » /» 1 

e 

(deg. ) 

T 

CO 

D!* 

|0jJ* 

(  ppbl 

Peak  Concent  rat  Ion 

NO  M0k  N02 

( ppb) 

°5 

Dote  (pp*-e) 

SO,  N02 

t 

(>) 

°h 

(a) 

\ 

2.44 

121.7 

10.0 

0.118 

1  .7 

12.4 

}0 

}4 

5 

8 

1 .515 

0.101 

600 

22.5 

2 .29 

140.7 

10.8 

0.118 

1  .7 

12  .8 

89 

78 

- 

6 

5.061 

0.940 

600 

16.1 

4  .07 

294.8 

10.7 

0.119 

2.9 

11  .2 

}6 

81 

25 

11 

4.482 

1 .925 

MO 

117.6 

2  .89 

288  .2 

10.7 

0.119 

2  .4 

12.2 

71 

l  19 

48 

S 

6.516 

2.587 

1  19 

S6  .4 

s 

7.46 

241  .4 

?8.0 

0.119 

1  1.1 

19.2 

219 

294 

7} 

- 

6.195 

5.225 

26 

1  7S.8 

6 

6.S8 

284  .8 

28.4 

0.128 

24  .2 

22  .5 

259 

148 

88 

0 

S.IS9 

1  .982 

56 

44 . 1 

6  .08 

28}.? 

14.4 

0.28  1 

9.1 

18.1 

20} 

28} 

80 

1 

2.497 

0.619 

59 

27.7 

H 

S  >4 

281  .•> 

1S.0 

0.298 

11.9 

21  .9 

249 

110 

8) 

2 

2.791 

0.469 

40 

22.5 

<t 

%  .<>4 

278.9 

IS. 2 

n.mi 

14.1 

21.5 

251 

522 

89 

0 

6.414 

1  .774 

48 

S4.H 

.98 

281.1 

18.0 

o.iis 

14.1 

2.8 

108 

592 

84 

7 

4 .76} 

0.705 

52 

26.1 

\  \ 

8.71 

29}.  n 

i<>.i 

0.118 

IS. 4 

12.0 

208 

259 

SI 

S 

6.247 

1 .265 

68 

84.  S 

S.  )\ 

290.4 

18. } 

1 1 . 1 1  8 

4  .0 

51  .1 

108 

149 

41 

S 

1  .700 

0.502 

77 

SS.2 

;  \ 

S .  7  2 

29*.  i 

18.4 

0.119 

10.8 

15.0 

78 

87 

9 

6 

1 .851 

0.480 

89 

97.? 

;  4 

6  ,  8  *> 

288.4 

18.8 

0.120 

2.S 

11.0 

155 

204 

49 

5 

2.018 

0.584 

51 

51.0 

i  '• 

S.81 

298.9 

17.8 

0.121 

14.7 

IS  .9 

129 

172 

41 

1 

5.527 

0.656 

92 

64.6 

l  *• 

8.81 

112.1 

t8  .0 

0.118 

12.1 

4!  .0 

72 

91 

21 

6 

0.84  2 

- 

207 

S7  .4 

I  i 

6.91 

297  ,} 

18.0 

0.2S9 

18.8 

11.4 

159 

192 

11 

6 

5.509 

0.545 

75 

98.1 

l- 

8  .  )6 

114.S 

17.1 

0.211 

14  .} 

21.6 

145 

170 

25 

- 

4.427 

0.281 

114 

81.? 

1  "< 

8.  IH 

109 .  S 

17.# 

0.212 

2<>. 0 

57.5 

79 

98 

19 

8 

1.447 

- 

128 

as. 6 

S.7S 

298  .9 

17.1 

0.200 

14.0 

18.1 

70 

98 

28 

7 

- 

- 

92 

28.o 

J  1 

7.07 

j^.i 

17.} 

0.111 

20.0 

17.8 

21S 

254 

19 

- 

2.590 

0.222 

72 

57.9 

?.*2 

288.8 

18.0 

0.298 

18.9 

16.} 

152 

171 

21 

7 

1  .207 

- 

47 

24.5 

:  i 

8,8? 

291  .8 

17.7 

0.521 

11.2 

55.8 

201 

215 

15 

5 

2.657 

0.252 

60 

29.6 

.‘4 

S  .91 

287  .1 

l  8  .0 

0.299 

14.7 

14.7 

448 

457 

9? 

- 

}  .014 

0  . 4  5 

61 

17.6 

;  \ 

8.29 

292.9 

17.7 

0.2  70 

1.} 

30.8 

214 

265 

49 

2 

5.640 

l  .044 

51 

76.5 

8.04 

298  .9 

1  7  .9 

0.288 

11.1 

58.5 

176 

202 

26 

S 

1  .849 

0.501 

66 

SO.') 

8.7  1 

281.7 

18.0 

0.29} 

8.8 

51.6 

181 

254 

75 

4 

5.242 

0.701 

46 

61  .2 

J  * 

7  i 

295.5 

18.1 

0.281 

4  .0 

11.} 

109 

i}0 

4 1 

i 

2  .652 

0.578 

61 

88  .6 

7.?  7 

:7i  ,o 

18.1 

0.280 

7,4 

5’. 9 

228 

100 

72 

“ 

1.969 

0.S01 

IS 

16  .6 

i  fit  (or  explanation  of  ayabola  and  heading*. 


A  d  4  fct'  (-)  ltvili  *tfi  a  negative  value 
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Table  1.4  DC-10  An  a  l  v  •  i  «  Plu wn* 


F  I  in* 

K. '  . 

il 

I  »  •  > 

* 

(d*R. ) 

r 

CC) 

r. 

<•?«-') 

ppb 

ppb 

Paak  Concentration 

NO  N0x  NO^ 

Jj2£b) 

0) 

Doae:  | 

N", 

ppn-aec 

NO-, 

t 

(  %  ) 

«h 
(  «) 

1 

2  .  ?0 

u  4 .  R 

9.9 

0.118 

1.7 

32.8 

IS? 

62 

. 

14 

1  .004 

0.184 

600 

10.1 

; .  is 

2.S 

11.7 

0.117 

1.7 

IS  .9 

IS 

11 

- 

18 

1  .260 

0.820 

6  (*• 

64.2 

1 

6.49 

24?. 2 

14.2 

0.289 

14  .4 

21  .9 

106 

3S1 

46 

1 

4.187 

i  .01 ; 

V 

10.2 

„ 

f. ,  ?n 

2M.1 

U  .4 

0.296 

6  .8 

21.9 

460 

S41 

80 

- 

S.671 

1  .42) 

IS 

76.8 

•> 

Ml 

288.4 

IS. 4 

0.107 

1S.1 

24.0 

724 

816 

92 

- 

12.711 

l  .4  S  7 

SO 

42.o 

* 

?  .  S4 

291.4 

14.; 

0.120 

22.1 

16.1 

6SS 

747 

92 

- 

14.774 

1  .814 

S8 

70.8 

6.S2 

2*0.8 

14.9 

0.121 

4.9 

17.1 

882 

10O*» 

12) 

1 

1 4  .0  2  S 

1  .S48 

60 

12.1 

n 

6.61 

114.  8 

17.2 

0.124 

16.0 

16.1 

94 

106 

12 

6 

1  .S6S 

- 

118 

81.1 

9 

8. 14 

298.1 

17.? 

0.126 

29,1 

17.0 

SSO 

612 

8? 

0 

22.646 

1.110 

61 

140.1 

r> 

6.11 

101.8 

17.9 

o.ilo 

4.8 

19.2 

18  7 

418 

SI 

- 

8.196 

1  .448 

100 

61  .6 

1 1 

A. AO 

11  l.n 

17.4 

0.2SI 

20.9 

16.1 

218 

2S6 

)? 

1 

8.846 

1.214 

2)8 

144.2 

; ; 

R  .49 

299.2 

17.7 

0.20S 

41.2 

V.9 

611 

71) 

77 

- 

7.19S 

0.768 

64 

70.1 

l 1 

•  .04 

294.9 

17.  A 

0.167 

20.0 

18.8 

414 

49) 

S9 

- 

11.011 

- 

69 

62  .0 

l  ** 

'  MS 

)«  1 . 2 

17.4 

0.146 

19.6 

41.6 

41) 

668 

ss 

- 

9.962 

o.  no 

8S 

19.7 

l*' 

R  .RS 

2R9  .s 

18. 1 

0.199 

11.7 

12.1 

724 

828 

104 

0 

16.468 

1.644 

4) 

S6.2 

16 

R  .*v 

291.4 

18.1 

0.204 

16.7 

29.7 

?82 

891 

109 

- 

14.977 

1  .810 

Si 

60.1 

l  * 

8.  >7 

102  .R 

17,8 

0.264 

2o.o 

16.4 

SS6 

628 

7  2 

1 

11.68S 

0.848 

81 

68. 9 

;x 

X  .  ?4 

291.4 

17.  S 

0.227 

7  .4 

11.9 

SOS 

S8  3 

78 

- 

9.114 

1.103 

46 

*8.1 

C 

’  .44 

29  1.2 

18.1 

0.280 

12. S 

17.8 

781 

860 

77 

- 

1  7.00S 

2.116 

S7 

41  .9 

2 

i.M 

104.9 

4.4 

0.104 

29.7 

22  .8 

718 

792 

74 

- 

30.VI8 

4.191 

21  S 

1«‘2.8 

). • « 

1*' > .4 

6.0 

0.114 

8.6 

11  .8 

712 

?8o 

6  7 

1 

22.206 

1.4  SO 

600 

IS.) 

*Sf»  tf»l  for  explanation  of  arsbnla  and  headings, 
daah  (->  Indicates  a  negative  value. 
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I'n-  trajectory  was  runt  Inm-il  until  either  it  intersected  the  runway  axis  or 
u  in  seconds  had  elapsed.  The  estimated  travel  time  Is  simply  either  t he  time 
t rom  the  beginning  ot  the  hack  trajertory  to  the  l  nt ersec t i nn  with  the  runway 

axis  or  hi  10  seconds.  The  vector  mean  wind  speed  and  direction  for  the  given 

plume  were  computed  t rom  the  set  of  one-second  speed  and  direction  values  that 
comprise  the  trajectory  according  to  the  formulas  In  Appendix  2.  Figures  3.3 

and  l.h  illustrate  the  results  of  these  computations  for  two  of  the  V) 

analysis  plumes,  727  plume  no.  4  and  DC-10  plume  no.  11,  respectively.  In 
those  figures,  the  circled  cross  indicates  the  location  of  the  monitoring  site 
and  the  small  arrow  denotes  the  mean  wind  velocity  vector  determined  from  the 
trajectory. 

I 

The  observed  effective  plume  width  at  the  monitoring  site  was 

computed  hv  t ho  following  technique.  The  arrival  tins'  of  the  plume  was  first 
computed  as  a  concentration-weighted  t i me  average  over  the  period  during  which 
the  NO  concent  rat t on  was  greater  than  one-tenth  of  the  peak  value: 


who  r«* 


w(  '  max 


(3.3 9) 


(3.40) 


The  observed  variance  In  arrival  time  corresponding  to  the  mean  defined  by  Kq  . 
3.39  is  deft ned  by : 


::W  i  (  C  i  ' 


t  r 

arr 


J.'w, 


and  the  cor  res  pond t ng  effective  plume  width  Is  given  by 


(3.41  ) 


o 


h 


1.1 Hh  uot 


(3.42) 


In  Kq .  3.42,  u  denotes  the  vector  mean  wind  speed  and  the  factor  1.188  cor¬ 
rects  the  value  of  o{  for  the  fact  that  only  concentrations  greater  than 
I N0W 1 10  were  considered  and,  therefore,  a  slightly  low  estimate  of  o.  Is 
obtained.  The  factor  1.188  is  simply  the  ratio  of  the  true  standard  deviation 
of  a  Gaussian  distribution  to  the  value  obtained  by  integrating  only  over  the 
region  of  the  distribution  in  which  the  value  is  greater  than  one-tenth  of  the 
max  1  mum : 


.188 


(3.43) 
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OHflRE  AIRPORT  MONITORING  SITE 


i 


Fig.  3.5  Back  Trajectory  for  727  Plume  No.  4 


OHARE  AIRPORT  MONITORING  SITE 


7  A 


m 


whiTi'  1  -  1'thi  is  the  distance  on  either  side  ot  the  peak  at  which  the  d  i  s 

tri  hilt  foil  drops  to  unr  - 1  cut  li  ot  the  peak  value.  Tin1  quantity  compiit  ed  trorn 

F,j.  i.»l  is  ,in  estimate  ot  t  hr  ltitrnr.il  in  t  hr  above  expression. 

In  Tables  I .  I  and  T.A,  the  temperature  and  No.,  photolysis  rate  require 
no  further  explanation.  The  ambient  NO  anti  1 1  j  ronrent  r  at  I  oils  were  estimated 
as  averages  over  the  values  on  either  side  of  the  plume.  The  peak  ot  a  plume 
was  defined  as  the  time  of  maximum  NO  ronrent rat  1  on ,  anil  the  peak  concent r a* 
t t ons  represent  averages  over  three  sureesstve  points  centered  on  the  peak. 

The  N<>x  and  NO,  dosages  due  to  t  tie  aircraft  plume  were  estimated  as  the 
differences  between  the  total  dosages  over  a  period  of  t  i  me  spanning  the 
passage  of  the  plume  and  t  tie  dosages  that  would  have  resulted  from  tile  amhfent 
concent  rat  I  ons  alone  over  t  lie  same  time  period. 

It  should  also  he  noted  that  tor  modeling  purposes,  the  coordinates  ot 
t  tie  endpoints  of  runway  I K  wi"  ■ ,  In  meters:  initial  (  1 7 ■'*  ,  /  ,  1 8 . H )  ,  final  1 

(  -  I  4  ,’H  ,  S  ,  2'ihh.ll.  Ill  t  tie  same  lordinate  system  t  tie  coord  I  n,.t  es  ,  til  meters  , 
ot  t  tie  monitoring  site  were  (-i'ifi.1,  >).  The  first  numhiT  of  each  pair 

corresponds  to  t  tie  x-i  oord  I  nat  •  ,  and  t  tie  second  to  t  tie  v-coord  t  n.ite .  The 
■  itgtn  was  chosen  arbitrarily,  and  the  x-  and  y-axes  were  taken  along  the  east 

and  nor  t  ti  directions,  respectively.  Based  upon  observations,  aircraft  Were  '■ 

ass  umnl  to  begin  takeoff  at  a  point  if  meters  from  the  initial  end  fit  tin 

tunwav.  ^ 

determination  of  ij(t).  The  coneent rat  ion  profile  across  an  aircraft 


plume  Is  expected  to  be  Can s s I  an  on  the  average,  and  it  horizontal  profiles 
are  examined  for  various  heights  above  ground,  the  shapes  as  given  bv  the 
standard  deviations  at  the  different  heights  are  expected  to  be  approx  I  mat e  1  v 
the  same.  Assuming  no  dependence  of  iij  on  altitude,  tt  should  be  possible  to 
extract  information  about  .ij  from  the  obsiu  veil  shapes  ot  the  peaks  measured  at 
a  stationary  location  as  t  tie  plumes  pass  hv .  This  approach  was  adopted  In 
this  wo  r  k . 

An  observed  peak  shape  represents  a  section  through  the  plume  at  an 
angle  that  generally  differs  from  and  also  represents  the  superposition  ot 

cont r t but t ons  from  a  concept ua 1 1 v  large  number  ot  putts  having  slightly 
dltierent  t r avi 1  times.  For  t hese  reasons,  the  observed  standard  deviation 
tor  a  particular  peak  does  not  directly  cot  respond  to  Uj  .  Tile  angle  at  which 
in  aircraft  plume  passes  a  monitoring  site  Is  well  defined  In  a  model  that 
assumes  a  uniform  wind  field,  hut  tn  ohserv.it  i  on  a  1  practice  is  poorly  del  tiled 
and  dif tli  ult  to  measure  beraase  ot  turbulent  fluctuations  in  the  wind, 
especially  those  larger  eddies  that  give  rise  to  sign i t i cant  meandering. 
Several  Instances  may  be  found  In  t he  analysis  plume  data  ot  Tables  1.1  and 
t.i  in  which  the  back  trajectory  computed  from  wind  measurements  at  the 
monitoring  site  did  not  intersect  the  runway  (the  Win- second- 1 rave  1  - 1  i  me 
cases).  In  these  cases  it  is  presumed  that  the  wind  measurements  stmplv  did 
not  ref  lei  t  well  enough  the  wind  variation  that  actually  took  place  along  the 
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f  •  *  '  *  •  f  t  .  In  a*  i  v  v«  n  t  ,  1 a  *  V  \  t  n>  v1 1  w  >d  Ini  utm.ii  ion  ah«  mt  t  I  >»•  n  ivf !  •  1  ' 
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the  maximum  cmnont  rat  Ion  .it  x  -  u  will  hr  given  by: 
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From  these  expressions,  one  finds  that: 
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These  results  implv  that  something  might  be  learned  about  the  time  dependence 
of  oz  and  the  effective  plume  height  by  plotting  tin*  quantity 

against  travel  time,  taking  to  lx*  an  estimate  of  o  ^  }  .  The  useful  feature 

of  this  approach  is  that  the  angle  9  at  which  the  plume  approaches  the 
stationary  monitoring  site  does  not  appear  and  need  not  be  known.  Kssent  i  - 
ally,  both  and  tin*  Integrated  dose  depend  on  9  in  tlx*  same  wav  and  this 

fact  allows  the  u-dependenre  to  be  removed. 


In  applying  Kq «  i.9  1  to  aircraft  plumes,  a  problem  arises  in  that  t  he 

quant i t v  of  pollutant  per  unit  length,  y  t  is  not  strictly  constant  along  the 
plum*,  being  given  by  <)/  v  where  is  the  (constant)  emission  rate  and  v  is  the 
aircraft  speed.  In  addition,  t*e  exact  portion  of  the  takeoff  plume  that 
passes  over  the  monitor  can  only  he  poorly  estimated  although  it  would 
presumably  depend  upon  the  travel  time.  About  the  best  that  can  he  done  is  to 
plot  o^./ ul)  versus  travel  time  tor  specific  aircraft  types  and  assume  that  ‘>(l 
Is  not  strongly  dependent  on  travel  time. 


The  results  of  these  romput  at  i  ons  lor  N(>x  are  shown  in  Fig,  1.8  foi 
both  7  2  7  and  DO  10  aircraft,  along  with  dashed  lines  co  r  respond  I  ng  to  power- 
law  dependencies  wi t h  an  exponent  of  1.2.  The  consistency  of  the  points  with 
this  time  dependence  is  clear.  It  is  tempting  to  attribute  the  difference 
between  the  two  lines  (or  sets  of  points)  to  the  difference  in  emission  rates 
between  the  t  wo  aircraft.  Tlx*  DC- 10/72  7  Nf>x  emission  ratio  *  2,1  from  the 
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data  In  Table  9.2,  while  the  ratio  of  values  taken  at  any  given  travel  time 
from  Fig.  9. ft  Is  9. ft  t  2.0  (uncertainty  estimated  visually  from  the  figure). 
Thus  the  numbers  are  not  Inconsistent  with  each  other,  and  this  Interpretation 
of  the  difference  between  the  lines  Is  consistent  with  the  data. 

The  exponential  factor  on  the  right-hand  side  of  Eq  .  3.53  Is  not 
expected  to  depend  strongly  on  travel  time,  and  the  main  dependence  on  travel 
time  Is  expected  to  come  from  the  product  o.Ol.  If  the  dependencies  of  each 
factor  are  assumed  to  be  the  same,  one  obtains  a  time  dependence  of  t  *  ”  for 
both  standard  deviations.  In  (perhaps  fortuitously)  good  agreement  with  the 
result  of  Fig.  3.7. 

Equation  3.54  provides  an  Interesting  check  on  the  assumption  of  a 
Gaussian  distribution  within  aircraft  plumes.  Everything  on  the  left-hand 
side  of  this  equation  is  known,  If  is  use'’  as  an  estimate  of  °eff‘  Using 
the  data  in  Tables  9.9  and  9.4,  the  average  values  of  the  quantity  Cmaxo./uO 
for  727  and  DC-10  aircraft  turned  out  to  he  0,33  ±  0.18  and  0.47  t  0.17, 
respectively.  The  uncertainties  represent  one-s t andard-de v 1  at  1  on  values  based 
on  24  and  1ft  plumes,  727  plumes  no.  1,  2,  5,  12,  and  20  being  omitted  and  DC- 
10  plumes  no.  1,  2,  and  21  being  omitted.  The  results  are  not  statistically 
different  from  the  expected  value  of  0.3989,  and  the  data  are  therefore 
reasonably  consistent  with  the  Gaussian  assumptions. 

Determination  of  oz(t)  and  zo( t ) .  An  examination  of  Eqs.  3.28-3.3) 

shows  that  the  effects  of  the  dependencies  of  oz  and  zn  on  travel  time  are 
closely  related  to  each  other  and,  as  a  practical  matter,  must  be  considered 
Jointly.  In  addition,  due  to  the  absence  of  pollutant  and  meteorological  data 
for  other  monitoring  sites,  and  especially  for  other  downwind  distances  and 
heights  above  ground,  the  quantities  and  zQ  could  not  be  uniquely 
determined  in  the  absence  of  additional  external  assumptions  regarding  their 
behavior.  Given  such  assumptions,  discussed  below,  the  procedure  adopted  in 
this  work  was  to  estimate  the  time  dependence  of  a  and  zQ  such  that  the  peak 
N0X  concent  rat  Ions  predicted  by  the  model  were  in  agreement,  on  the  average, 
with  observed  peak  concentrations. 

The  Initial  step  In  the  analysis  was  to  assume  that  oz(t)  ■  o^lt),  that 
z0  was  constant,  l.e.,  there  was  no  plume  rise,  and  to  compute  the  ratios  of 
model  to  observed  peak  NOx  concentrations  for  the  analysfs  plumes.  These 
Initial  calculations  showed  that  under  these  assumptions  the  model 
overpredicted  by  a  factor  of  about  four  for  travel  times  up  to  80-90  seconds 
and  underpredicted  by  a  factor  of  about  0.2  for  travel  times  above  about  130 
seconds. 


The  next  step  was  to  assume  that  the  plume  rise  could  be  described  by  a 
modified  form  of  the  expression  given  by  Yamartino  et  al .  (1980): 


Az 


o 


a(t)Hy(t) 


(3.35) 


HO 


Hv<  t  1 


P„P-'1 


,t  '  ii 


0.56) 


Ii  tlii-sc  equations,  u  is  a  function  of 
fomatl  ton  plum.-  rise  formula,  hv  i  an 
t  , I  t>  au.i  u  are  .' /  i  and  1,  r.  s  pec  t  i  ve  i  v . 


time  to  he  determined,  Hy(t)  is  the 
aircraft  type-dependent  coefficient. 
In  addition,  oz(t)  was  assumed  given 
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where  B(  t  )  is  another  function  of  travel  t i me  to  be  determined.  The  ratio  o/B 
a:  several  travel  times  was  determined  by  running  the  model  for  a  range  of 
.lines  of  a  and  B,  plotting  the  ratio  R  of  model  to  observed  peak  N0X 
i  .ncent rat i ons  against  o  for  each  value  of  B,  for  several  different  plumes 
spanning  a  range  of  travel  times,  and  finally  identifying  by  interpolation  the 
-.iluo  of  a  that,  for  given  travel  time  and  value  of  B,  would  result  in  R  being 
e.;ual  to  unitv.  It  was  found  that  for  travel  times  below  about  70  seconds, 
the  optimum  ratio  n/B  was  independent  of  B  and  its  graph  was  linear  on  log-log 
paper ,  indicating  a  power-law  dependence  on  the  travel  time  given  by: 
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with  a  correlation  coefficient  of  r  *  -0.99.  For  travel  times  greater  than  70 
ands,  the  optimum  ratio  decreased  with  time  more  rapidly  than  in  Eq.  3.58, 
and  a  definite  dependence  on  the  value  of  B  was  apparent. 


At  this  point.  It  became  necessary  to  Introduce 
assumption  in  order  to  separate  the  effects  of  o  and  z  . 


an  additional 
In  effect,  the 


issumption  adopted  was  to  require 
Oct t  t  rave  1  t Imes . 


,(t)  to  vary  with  travel  time  as  t 


1  .31 


for 


From  F.qs.  3.57  and  3.45,  this  implies  that  for  short 
travel  times,  B(t)  must  vary  as  and,  therefore,  from  Eq.  3.58,  a( t )  must 
v.ir  v  us  t~(,'*K.  Given  these  short-time  dependencies,  the  following  functional 
forms  were  assumed  for  a( t )  and  8(t): 


-0.18 


(3.59) 


(3.60) 


Thus  the  short-term  time  dependence  requi rpd  by  the  above  considerations  are 
followed,  but  the  possibility  of  different  dependencies  at  longer  travel  times 
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Is  allowed  for.  Furthermore,  the  ratio  a/c  must  equal  8.59,  from  F.q .  3.58, 
and  we  make  the  additional  assumption  that  a  ia  unity,  corresponding  to  the 
assumption  that  the  coefficient  hy  in  the  Yamartlno  plume-rise  formula  is 
correct  for  short  travel  times.  These  considerations  imply  that  c  •  1/8.59  or 
that  c  «  0. 1  lf> . 


The  values  of  the  remaining  parameters,  b,  d,  ta  and  tg,  were  estimated 
on  a  t ri al-and-error  basis  because  of  time  and  budget  constraints.  The  final 
expressions  for  <r(t)  and  8(t)  that  were  implemented  in  the  model  are: 


n(  t )  • 


( t /seconds) 
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1  +  (t/|6.62  seconds) 


0.64 


(3.61) 


A  ( t  ) 


0.1  16(  t/ seconds 
1  +  (t/7.1  seconds)^"^ 


(3.62) 


The  expression  for  a(t)  gives  rise  to  a  very  broad  maximum  in  AzQ(t)  at  a 
travel  time  of  101.5  seconds.  In  the  model,  the  plume  rise  was  assumed  to 
remain  constant  at  the  maximum  value  for  travel  times  greater  than  this.  The 
asvraptotic  long- 1 rave  1  - 1 1  me  behavior  of  a  z ( t )  that  results  from  Eqs.  3.62, 
3.57,  and  3.45  is  a  power  law  with  an  exponent  of  1.0. 

The  results  of  a  comparison  between  observed  maximum  N0X  concentrations 
and  those  predicted  by  the  model  with  dispersion  coefficients  and  plume  rise 
given  by  Eqs.  3.45,  3.55-3.57,  and  3.61-3.62  may  be  summarized  by  stating  that 
the  average  value  of  the  ratio  R  of  predicted  peak  concentrations  to  observed 
peak  concentrations  is  1.3  t  (  lo)  0.9  (N  ■  46).  However,  an  examination  of 
the  individual  results  for  the  various  plumes  reveals  two  features  that 
Indicate  that  the  predictions  could  be  further  improved  and  that  somewhat  more 
optimal  descriptions  of  the  dispersion  coefficients  and  plume  rise  could  be 
found . 

The  first  feature  is  a  residual  variation  of  R  with  travel  time.  If 
the  results  are  aggregated  according  to  whether  the  travel  time  is  greater  or 
less  than  100  seconds,  one  finds  an  average  ratio  for  travel  times  less  than 
100  seconds  of  1.4  t  ( lo)  0.7  (N  •  37),  and  an  average  value  of  0.8  i  ( lo)  1.7 
(N  •  9)  for  travel  times  greater  than  100s .  The  very  large  standard  deviation 
in  the  last  result  is  due  almost  entirely  to  two  727  points  at  3.5  and  2.5, 
the  rest  being  very  much  smaller  (the  largest  remaining  value  is  0.41,  the 
next  largest  0.20,  and  the  average  of  these  remaining  seven  points  is  only 
0.16).  Although  no  firm  conclusions  can  be  drawn  because  of  the  scatter  in 
the  results,  the  trend  towards  underprediction  at  longer  travel  times  seems 
clear. 


The  second  feature  is  an  apparent  difference  between  aircraft  types. 
If  average  ratios  are  computed  separately  for  the  two  aircraft  types  involved, 
one  finds  that  for  727  plumes  R  -  1.73  ±  (lo)  0.74  (N  ■  22),  and  for  DC-10 
plumea  R  «  0.90  *  (  lo)  0.28  (N  “  15).  In  these  results,  plumes  having  travel 
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times  greater  than  100  seconds  have  been  excluded.  Although  the  scatter  Is 
such  that  the  regions  of  uncertainty  overlap  and  no  firm  statistical  conclu¬ 
sions  can  he  drawn,  the  apparent  difference  In  performance  for  the  two 
aircraft  is  sufficiently  great  as  to  suggest  that  It  may  be  real. 

On  the  whole,  the  model  appears  to  predict  peak  concentrations  at  the 
monitoring  site  relatively  well,  with  the  caveats  Just  discussed.  Due  to  time 
and  budget  constraints,  additional  tuning  of  the  model.  Including  comparisons 
ot  predicted  and  observed  N0^  doses,  could  not  be  performed  although  the 
predictive  power  of  the  model  would  certainly  benefit  from  them. 

1.2  M0PK1.  V A 1  X  DAT I ON  FOR  ONE-HOUR  PREDICTIONS 

The  main  objective  of  the  model -dove  1 o patent  aid  validation  phase  of  the 
program  was  a  model  suitable  for  the  estimation  of  one-hour  average  No., 
concentrations  from  atreraft.  As  explained  earlier,  the  approach  adopted  in 
this  work  was  to  compute  the  contribution  from  individual  takeoff  events  and 
sum  the  results.  This  section  describes  both  the  manner  In  which  this  is  done 
bv  the  model  and  the  validation  results. 


1.2.1  Multiple-Plume  Model  Description 

in  most  dispersion  models  that  compute  one-hour  average  concent  rat  ions 
of  some  pollutant,  the  assumption  Is  made  that  the  meteorological  conditions 
are  constant  over  the  one-hour  period  for  which  predictions  are  to  be  made. 
The  same  assumption  was  made  in  this  work,  and  since  Individual  aircraft 
plumes  are  assumed  to  be  Independent,  the  contribution  from  each  type  of 
aircraft  to  a  one-hour  average  concent  rat  1  on  may  be  estimated  by  computing  the 
contribution  from  one  takeoff  event  and  multiplying  by  the  number  of  takeoffs 
bv  that  type  of  aircraft  In  an  hour.  Thus  the  computational  burden  may  be 
significantly  lessened. 

The  multiple-plume  version  of  the  model  computes  total  al reraf t -re  1  at ed 
N0x  and  Nt^  dosages  (ppm-s)  for  one-honr  time  periods,  and  obtains  the 
corresponding  average  concentrations  by  dividing  by  3600  seconds.  The  number 
of  each  type  of  aircraft  that  take  off  In  each  one-hour  period  may  bo  provided 
by  the  user,  or  a  default  distribution  may  be  used  that  Is  contained  within 
the  model  Itself  and  Is  based  upon  10  hours  of  direct  observations  of  takeoffs 
on  runway  32R  at  O'Hare  International  Airport.  The  default  distribution  Is 
given  In  Table  3.S.  This  distribution  Is  not  Intended  for  use  at  other 
airports,  nor  even  for  other  runways  at  Chicago  O'Hare.  The  frequency 
distribution  Is  different  for  each  airport  and  for  each  runway  in  a  given 
airport  and  depends  on  a  number  of  factors.  Including  the  length  of  the  runway 
and  the  proximity  to  the  various  gates  used  by  different  commercial  carriers. 
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Table  3.3  Default  A1 re raf t -Takeof f  Frequency  Distribution3 


A1 rcraf  t 


Tvpe 

747 

737 

727 

707 

DC- 9 

DC- 10 

L-1011 

Mi  sc  . 

Average 
Takeof  f  s 
per  Hour 

0.1 

2  .0 

13.9 

2.3 

4.4 

4.6 

0.3 

8.3 

Percent 

of  Total 

0.28 

3.31 

38.29 

6.89 

12.12 

12.67 

0.83 

23.41 

3Based  upon  ID  hours  of  observations  on  runway  32R  at  Chicago 
International  Airport. 

Nil  sc.  Includes  small  private  and  commercial  jets  and  propeller  aircraft 


Total 

3b. 3 

loo.no 

O'  Hare 


j .  2 . 2 
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Mu  1  t  1  pi  e-l’l  umr  Model  Validation 

For  model  validation  purposes,  II  distinct  one-hour  periods  with 
relatively  constant  wind  speed,  direction,  solar  intensity,  and  ambient  ozone 
concent  rat i on  were  identified.  These  periods  were  also  chosen  so  as  to  provide 
a  ratine  of  numbers  of  takeoffs  per  hour;  t  he  individual  aircraft  types  could 
not  be  identified,  but  the  number  of  distinct  jet-aircraft  plumes  could  easily 
be  determined  bv  inspection  of  t hi-  data.  The  default  distribution  given  in 
Table  1 .  S  was  used  to  estimate  the  number  of  each  type  of  jet  aircraft  that 

took  ot t  in  each  one-hour  period.  Table  T.b  shows  the  periods  selected,  the 
number  of  jet  plumes  observed,  the  vector  mean  wind  speed  (Vv  )  and  direction 
(•>.),  the  wind-velocity  variance  components  perpendicular  (a)  and  parallel 
(  t>  )  to  the  vector  mean  wind  velocity,  the  observed  and  calculated  aircraft- 

related  No  and  NO.,  one-hour  dosages,  and  the  average  ambient  ozone  level. 

Figures  1.9  and  1.10  represent  plots  of  calculated  versus  observed 
hourly  at rc rat t - re  1  at ed  dosages  for  N0X  and  Nt >2 .  respectively.  Only  points  for 
which  both  calculated  and  observed  dosages  are  nonzero  are  shown.  As  can  be 
seen  from  the  data  In  Table  3.8,  several  periods  were  found  for  which  the 

e a  1 rul at i ons  Indicated  no  effect.  In  all  ot  these  instances,  the  wind 

direction  was  greater  than  107“,  corresponding  to  winds  blowing  nearly  along 
the  runwav  axis.  In  these  cases  the  geometry  o(  the  runway  direction,  wind 
direction  and  monitoring-site  location  is  such  that  little  or  no  effect  is 

expected  it  the  plumes  travel  In  straight-line  trajectories.  These  results 

Indicate  that  meandering  or  some  systematic  perturbation  of  the  wind  field  is 
causing  the  plume  trajectories  to  deviate  sufficiently  from  linearity  to  cause 
the  plumes  to  at  tec  t  the  monitoring  site  but  to  also  give  rise  to  wind 

directions  as  measured  at  the  monitor  to  he  systematically  in  error.  This 

points  up  the  inadequacy  of  monitoring  the  wind  velocity  at  on  1 v  one  point  and 
attempting  to  derive  trajectories  from  those  measurements,  at  least  in  the 
near-cr i t i ca 1  geometrical  configurations.  The  same  effect  c«.n  be  seen  for  some 
of  the  Individual  plumes  described  earlier  in  Tables  3.3  and  3.4. 


The  solid  lines  on  Figs.  3.9  and  3, W  represent  the  results  ot 
regression  analyses  run  on  the  two  sets  of  data,  after  discarding  those  points 
for  which  the  predicted  values  are  less  than  1.0  ppm-s.  The  regression 
equations  that  correspond  to  t  host'  lines  are: 


7Ca  1  ni  1  at  ed\  /()bserved\ 

N()x  Dose  J-  -14.27  +  1.S70  «  j  N«x  Dose  ) 
( ppm- s ) 


n.b  u 


/ 


1  (ppm-s)  f 


with  a  correlation  coefficient  of  0.872  (K"  -  o.7b),  and 

(cn  I  eti  1  ated\ 

NO2  Dose  I  * 

(ppm-s)  / 


-  1  .87  +  1.17| 


Observed 
NO.,  Dose 
( ppm-s ) 


(f.b4) 
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?r>3  IMPACT  OF  AIRCRAFT  EMISSIONS  ON  AIR  QUALITY  IN  THE 
VICINITY  OF  AIRPORTS  V..IU)  ARGONNE  NATIONAL  LAB  IL 
ENERGY  ANO  ENVIRONMENTAL  SYSTEMS  D I V .  . 

UN(  l  ASS  If  IF P  K  I  BRUBAKER  FT  Al  APR  BA  F  AA/EE -  84 •  I A  F/G  13/2 


discussed  earlier,  the  model  should  be  regarded  as  only  partially  optimized 
and  independent  data  on  plume  rise  and  on  the  horizontal  and  vertical  rates  of 
plume  growth  would  be  of  particular  value  in  any  further  optimization  and/or 
validation  work.  In  general,  however,  the  existing  model  can  be  considered 
applicable  to  situations  In  which  pollutant  concentrations  due  to  aircraft 
takeoff  events  are  to  be  estimated  at  locations  in  the  vicinity  of  s  runway  at 
any  major  airport  or  air  base. 

The  second  factor  restricting  the  applicability  of  the  model  is  that 
only  certain  types  of  aircraft,  specifically  the  common  types  of  passenger 
aircraft  used  by  major  commercial  carriers,  are  presently  included  In  the 
model.  Extension  to  include  other  types  of  aircraft,  Including  military 
aircraft,  can  easily  be  accomplished.  With  regard  to  one-hour  concentrations 
specifically,  the  model  requires  the  user  to  specify  the  number  of  takeoffs  of 
each  type  of  aircraft  for  the  hour  in  question.  A  default  distribution  is 
currently  incorporated  In  the  code  for  use  in  the  event  that  the  specific 
distribution  is  not  known.  This  default  distribution  is  suitable  only  for 
runway  32R  at  Chicago  O'Hare  International  Airport,  and  not  for  any  other 
runway  at  O'Hare  nor  necessarily  for  runways  at  other  airports  or  air  bases. 
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4  AIRCRAFT  HYDROCARBON-EMISSION  CHARACTERIZATION 


4.1  INTRODUCTION 

Jet  aircraft  engines,  like  other  sources  Involving  the  combustion  of  an 
organic  fuel,  emit  hydrocarbons.  Total  hydrocarbon  emission  rates  of  several 
common  jet  engines  for  various  aircraft  operations  are  shown  In  Table  4.1, 
reproduced  from  Yamartino  et  al.  (1980a).  Clearly,  the  taxi/ldle  mode  Is  the 
predominant  source  of  aircraft  hydrocarbon  emissions.  Table  4,1  does  not 
provide  any  Information  on  the  chemical  nature  of  those  hydrocarbons,  however, 
and  for  many  purposes,  detailed  knowledge  of  the  chemical  composition  is 
required.  The  second  major  component  of  the  research  program  discussed  In 
this  report  is  the  preliminary  characterization  of  aircraft  hydrocarbon 
emissions. 

The  motivation  for  this  work  is  the  fact  that  hydrocarbons  are 
important  precursors  to  the  formation  of  photochemical  smog.  Certain  types  of 
hydrocarbons,  notably  the  unsaturated  hydrocarbons  (alkenes  and  aromatics), 
are  more  active  than  others  In  the  generation  of  photochemical  smog 
(Finlayson-Pitts  and  Pitts,  1977  and  Demerjlan  et  al.,  1974),  although  with 
very  few  exceptions  all  hydrocarbons  are  currently  felt  to  contribute  to  some 
degree.  The  primary  difference  between  the  different  types  of  hydrocarbon  is 
the  rate  at  which  smog  is  generated,  rather  than  the  eventual  amount.  Any 
assessment  of  the  effects  of  hydrocarbons  must  necessarily  incorporate 
information  about  the  actual  composition  of  the  emissions.  In  addition,  if 
the  particular  composition  of  jet  exhaust  is  sufficiently  unique,  it  may  be 
possible  to  determine  quantitatively  the  contribution  of  aircraft  emissions  to 
the  organic  constituents  collected  in  ambient  air  at  some  distance  from  an 
airport,  and  thereby  obtain  some  measure  of  the  relative  contribution  from 
alrcraf  t . 

The  approach  adopted  In  this  work  was  to  simultaneously  collect  air 
samples  at  Chicago's  O'Hare  Airport  in  the  immediate  vicinity  of  taxiing  and 
idling  aircraft  and  at  sites  that  were  expected  to  be  free  from  the  Influence 
of  aircraft  emissions,  obtain  detailed  chemical  characterisation  of  those 
samples,  and  identify  aircraft  emissions  by  comparison  of  simultaneous  taxiway 
and  background  aamples.  Characterization  by  gas  chromatography /mass 
spectrometry  (GC/MS)  permits  evaluation  of  the  similarities  and  differences 
among  the  samples  and  allows  judgements  to  be  made  as  to  the  sources  of  the 
various  constituents  identified  in  the  samples. 


4.2  MATERIALS  AND  METHODS 

The  air-sampling  units  used  to  collect  vapor-phase  organic  compounds 
from  the  dir  at  O'Hare  Airport  are  specially  modified  high-volume  air 
aaaiplers.  They  consist  of  explosion-proof  vacuum  motors,  in-line  Gllmont  flow 
meters,  polymeric  resin  adsorbents,  and  3-in.  Teflon  filters  with  an  0.3- 
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Table  4.1  Hydrocarbon  Emission  Rates  (lb/hr)  of  Aircraft  Engines* 


Engine  Manufacturer 

Taxi/ 

and  Model 

Idle 

Landing 

Takeoff 

Approach 

Cllmbout 

Pratt  and  Whitney,  JT9D-7 

55.1 

34.0 

0.8 

4*6 

1.3 

Pratt  and  Whitney,  JT3D-7 

124.6 

77.0 

5.0 

6.5 

3.3 

Rolls  Royce,  RB-211-22B 

100.1 

72.2 

29.1 

32.2 

8.3 

General  Electric,  CF6-50C 

36.2 

21.8 

0.2 

0.1 

0.2 

General  Electric,  CF6-6D 

21.8 

16.2 

8.3 

7.0 

6.8 

Pratt  and  Whitney,  JT8D-1 7 

10.1 

6#4 

0.5 

1.4 

0.4 

Rolls  Royce,  RDa7 

25.5 

17.4 

8.8 

0.0 

2.1 

Garrett  AlResearch,  TPE731-2 

4.1 

2.7 

0.1 

1.5 

0.1 

Pratt  and  Whitney,  PT6A-27 

5.8 

3.5 

0.0 

0.5 

0.0 

General  Electric,  700-2D 

8.3 

5.2 

0.3 

1.3 

0.2 

AVCO  Lycomi ng,  TI0540  J2B2 

1.7 

2.0 

3.2 

1.3 

3.4 

*A1 1  emission  rates  except 

those 

for  landing 

are  from 

Pace  (1977).  The 

landing  emission  rates  are 

computed  by  assuming  that  the  landing 

operation 

consists  of  60Z  Idle,  24X 

takeoff 

thrust  (l.e 

. ,  thrust 

reversers) 

,  and  16Z 

approach  thrust  (to  account 

for  the 

spool-domn/up/domn  cycle). 
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micron  pore  sice.  The  air  sample  is  drawn  through  the  filter,  which  removes 
particulate  matter,  and  then  through  a  120-gram  bed  of  resin  that  collects  the 
organic  compounds. 

The  resin  material  used  for  this  study  was  Rohm  6  Haas  Aaberllte  XAD-2 
resin.  The  resin  was  precleaned  before  use  by  extracting  for  four  hours  at 
least  once  in  a  Soxhlet  apparatus,  first  with  ethanol,  then  hexane,  and 
finally  methylene  chloride.  Sample  collection  was  made  at  a  rate  of  30  ’Iters 
per  adnute  for  90  to  180  minutes.  The  exposed  resin  was  returned  to  the 
laboratory  and  extracted  in  a  Soxhlet  apparatus  for  30  minutes  using  ISO  ml, 
methylene  chloride.  A  Kuderna-Danlsh  evaporator  was  used  to  concentrate  the 
methylene  chloride  extract  to  1  mL. 

The  extracts  were  analyzed  using  a  Hewlett-Packard  5982A  GC/MS  and  a 
Hewlett-Packard  5934A  Data  System.  The  S930  Hewlett-Packard  gas  chromatograph 
was  equipped  with  a  spllt/splltless  Grob-type  injection  system  and  a  50-m 
large-bore  fuaed-slllca  capillary  column  coated  with  OV-101.  The  temperature 
program  selected  to  provide  maximum  resolution  of  the  organic  constituents 
started  with  a  2-mlnute  hold  at  20*C,  followed  by  a  programmed  rate  of  2<’C/mln 
to  1 10*C  and  finally,  from  110®C  to  270*C  at  4*C/mln. 


4.3  SAMPLING  PROTOCOL 

A  matched  pair  of  sampling  units  was  taken  to  O'Hare  Airport  on  Jan.  9, 
1981.  One  sampler,  designated  the  downwind  sampler,  was  located  adjacent  to 
the  taxiway  leading  to  runways  32R  and  27R  (Pig.  4.1).  All  aircraft  using 
either  of  these  runways  passed  the  sampler,  and  emissions  from  the  passing 
planes  plus  the  normal  background  air  were  sampled.  The  other  sampling  unit 
was  located  across  the  airport  adjacent  to  runway  9r.  Since  the  prevailing 
winds  were  from  the  west  and  southwest  and  since  runway  9R  was  not  In  use, 
emissions  from  aircraft  were  not  expected  to  be  collected  by  the  second 
sampler.  Power  for  the  sampling  units  was  supplied  by  portable  generators. 
The  generators  were  fueled  and  operated  away  from  and  downwind  of  the  sampling 
units.  Sampling  was  begun  and  terminated  at  prearranged  times,  so  that 
simultaneous  3-hour  samples  were  taken.  A  total  of  approximately  3.4  of 
air  per  unit  was  sampled.  Following  collection  of  the  samples,  the  filters 
and  particulates  were  discarded. 

Several  similar  sets  of  samples  were  obtained  on  other  dates. 
Experimental  difficulties,  particularly  with  respect  to  the  need  for  careful 
pre-cleaning  of  resin  that  had  been  used  previously,  precluded  the  use  of 
these  other  sets  of  samples  In  this  analysis. 


4.4  RESULTS  AND  DISCUSSION 

The  reconstructed  total-ion  chromatograms  obtained  from  GC/MS  analysis 
of  the  two  samples  are  reproduced  In  Pig.  4.2  along  with  the  chromatogram  from 


jet  rvv 


I  ol 


.1  sample  of  raw  jet  fuel.  Dm-  In  slight  run-tn-rim  d  i  f  t  e  rcnrrs ,  the  retention 
time’s  of  t  ho  coiiipmicnl  s  in  t  ho  upwind  and  downwind  samples  do  not  match 
oxaotlv.  larger  ret  cut  i  <>n  t  1  me  differences  exist  hotwoon  the-  components  of 
the- so  samp los  and  those  ol  t  ho  jot  (in'!  sample,  which  was  analyzed  approxi¬ 
mately  six  months  after  t  lie  others.  Those  differences  do  not  preclude  in  any 
wav  an  accurate  evaluation  of  either  the  physical  or  chemical  similarities  and 
differences  between  the  samples. 

Examination  of  the  ehromat  op.  rams  of  the  upwind  and  downwind  samples 
reveals  that  the  latter  contain  significantly  more  components  than  the  former, 
and  their  concentrations  as  judged  by  peak  height  are  generally  greater.  The 
more  volatile  components  that  appear  In  the  early  part  f  1  ft—  3  *S  min)  of  the 
chromatograms  produce  identical  patterns''  and  are  of  very  similar 
concentrations  in  the  two  samples.  However,  after  a  retention  time  of  about 
V<  minutes,  the  concentration  of  components  in  the  upwind  sample  falls  off 
rapidly.  The  reverse  is  seen  to  he  true  for  the  downwind  sample,  and  the 
difference  seems  to  he  primarily  due  to  jet  fuel  in  the  gas  phase,  as  may  be 
seen  by  comparing  t  lie  downwind-sample  chromatogram  with  the  chromatogram 
obtained  from  the  jet  fuel  sample.  The  relative  component  concentrations 
within  the  jet  fuel  sample  and  the  downwind  sample  appear  similar  over  the 
range  of  retention  times  from  •'•('  to  b‘>  minutes.  (The  upper  trace  shown  In  the 
figure  is  the  chromatogram  for  the  jet  fuel  sample,  the  middle  trace  is  the 
chromatogram  for  the  downwind  (aircraft  t ax i i ng/ i d 1 i ng )  sample,  and  the  lower 
trace  Is  t he  chromatogi am  for  the  background  or  ambient  air  sample.) 

The  ehromat ograms  hown  in  Kig.  4.2  mav  be  compared  with  respect  to  the 
absence  and/or  presence  nt  total  ion  chromatograph! c  peaks  and  their 
intensities  (peak  heights).  In  addition,  similar  peak  patterns  or 

fingerprints  in  the  three  chromatograms  can  be  Identified.  A  peak  pattern,  or 
fingerprint,  is  a  sequence  of  peaks  whose  relative  intensities  are  essentially 
identical  In  two  or  more  ehromat ograms .  For  example,  the  patterns  observed  in 
the  downwind  sample  chromatogram  between  ttu*  retention  times  of  )f>.4  to  18.0 
min  and  41.1  to  Ah.)  min  are  also  observed  in  the  j  et  -  fue  1-samp  le 
chromatogram.  Hv  contrast,  the  pattern  at  47.  S  to  48. 5  minutes  in  the 
dowrtwi nd- samp  1 e  chromatogram  is  absent  in  the  chromatogram  of  the  jet  fuel  and 
is  present  to  only  a  small  extent  in  t he  upwind-sample  chromatogram. 

Comparison  of  samples  hv  this  method  does  not  take  into  account  the 
fact  that  different  components  having  identical  retention  times  may  he  present 
in  these  samples.  in  view  of  (tits,  a  comprehensive  characterization  of  the 
major  components  In  these  samples  was  conducted.  The  results  are  presented  in 
Table  4.2.  For  simplicity,  t  lie  retention  times  of  the  components  in  the 
upwind  and  jet-f uel -sample  chromatograms  were  normalized  to  the  values 
obtained  for  the  components  in  the  downwind  sample,  A  summary  ot  the  types 
and  number  of  compounds  Identified  in  the  three  samples  is  presented  in  Table 
4.3. 


Examination  of  the  identities  of  the  compounds  found  in  these  three 
samples  indicates  they  are  essentially  the  same.  Differences  do  exist,  hut 
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Table  4.2  Detailed  Chemical  Characterisation  of  Ataospherlc  and  Jet  fuel  Sample* 


Downwind  Saaple 

Upwind  Sample 

Jet  Puel  Sample 

Relent  ton 

T 1  •* 

Compound 

Peak 

Compound 

Peak 

Compound 

Peak 

(  »1  n  ) 

Ident  tty 

Site 

Identity 

Slse 

Ident Ity 

Site 

Com 

menta 

Ci- Alkene 

a 

- 

Cy-Alkene 

H 

i ' . : 

C7- Alkvne 

■ 

- 

- 

r 

C?- Alkene 

m 

- 

- 

i  «, 

C7- Alkene 

m 

- 

11.2 

Cg- Al kene 

m 

- 

- 

.‘1.4 

Tol uene 

M 

Toluene 

M 

Toluene 

M 

n .' 

Cg-Al kene 

a 

- 

- 

i: .  ’ 

Cg- Alkane 

a 

Cg-Alkane 

a 

Cg-Alkane 

a 

j ; 

Cg- Alkane 

tr 

Cg- Alkene 

tr 

l ; .* 

Cg - Alkene 

a 

Cg-Alkane 

a 

CpAlkeoe 

a 

1 ;  .9 

- 

- 

CpAlkene 

a 

n.i 

- 

- 

-Alkene 

a 

i  i.r 

Cg- Alkene 

a 

Cg-Alkene 

tr 

Cg-Alkene 

a 

U .  1 

Tet  rac  More  thane 

a 

Tet rac M or oe thane 

a 

Tet  rachloroathane 

M 

Recognisable  pattern  on  all 

i*.4 

Cg- Al kene 

a 

Cg-Alkene 

a 

Cg-Alkene 

a 

these  chromatograms 

U.fr 

Cg- Al kane 

a 

Cg-Alkane 

■ 

Cg-Alkane 

M 

I4.fr 

Cg- Al kane 

a 

- 

- 

1*».R 

mw  mi 

a 

MW  101 

a 

- 

Sfr.4 

C2"Cyc Inhexane 

a 

C2'Cyclohexane 

a 

Cj-Cyclohexane 

a 

i<s  .a 

Cq- Alkane 

a 

Cq-Alkane 

a 

Cg-Alkana 

a 

i7.: 

C^-Al kane 

a 

Cp  Alkane 

a 

- 

1  7.4 

- 

C2*Bentene 

■ 

- 

1  7.* 

Ethyl  ftentene 

M 

Ethyl  Bentene 

a 

Cj- Santana 

M 

Pattern  distinguishable 

ip.: 

Cp  Alkene 

tr 

- 

Cp  Alkene 

a 

also  on  downalnd  trace 

18, «> 

m.p-Xylene 

M 

a.p-Xylene 

a 

a.p-Xylene 

M 

18.8 

CpCyc lohemane? 

a 

- 

C^-Alkane 

a 

19.  *> 

Cp  Alkane 

a 

CpAlkane 

a 

C^-Alkane 

1 

19  .8 

Styrene 

a 

Styrene 

a 

- 

21!.  » 

0-  X  y  1  *  ne 

M 

o-Xy  lene 

M 

o-Xylene 

M 

.fr 

C^- Alkene 

a 

CpAlkene 

a 

CpAlkene 

M 

Pattern  present  in  all  three 

:n,8 

C^-Al  kene 

tr 

- 

C^- Alkane 

a 

21.2 

Cq- Alkane 

tr 

Cp  Alkane 

tr 

- 

21.1 

- 

Gq-AJdehyde  or  Ketone 

a 

- 

22.1 

C<p Alkene 

a 

Cp  Alkene 

a 

Cp  Alkane 

1 

22.1 

n-C«- Alkane 

a 

Cq -Alkane 

a 

Cp  Alkane 

M 

Pattern  present  In  all  three 

2  2.8 

CpBentene 

a 

CpBentene 

a 

CpBentene 

1 
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Downwind 


J»t  Fu* 1  Saapl* 


f  o® pound 
ld*nl lit 


Compound 
I  d#ne 1 1? 


Tompo  n  ’ 

Identity 


i 

I 


1 04 


I 


4 


■% 

\ 


i 

% 


Tobl#  4.2  (Corn'd) 


Downwl  nd 

SoBpla 

Upwind  Sample 

Jot  Fool 

$Mpl« 

Compound 

Peak 

Compound  Peak 

Compound 

Pook 

Identity 

Ilia 

Identity  IIh 

Idontlty 

Sit# 

CottMnt  • 

*S\ .n  C4-knunt 

H .7  Indan 

1) .4  Cl0-Alk*n# 

11.7  CJ0“T*rpon« 

12.1  C . g- Alkene 

12.4  C.0~AUane 
12.6 

12.7 

12.9  C4-Ben**ne 

11.2  C4-Wn»«n. 

11.4  C^-Benrene 

11.0  C^-Bentene 

14 . 1  C4-Ben*er>e 

14.1  Cjj'-AUfn# 

14.0  C,j-Alkenc 

11  .2  C4-l«Min» 

11.1  Cj-Indan 

11.0  C^-Benien# 

16.1 

16.) 

16.2  Cj | -Alkane 

16.1  Cj|-Alb««o 

16.1  C, -Indan 

16.7  Cjj'Alk*n* 

17.0  C^j-AUooo 

17.2  C^-Bentene 

17.4  C^-Benien# 

17.6  C^-Bentene 

17.6  Cjj-Alkene 

17.9  C^-Bentene 

10.2  C2~BentaIdehyde 

10.1  r»-C.  4 -Alkon# 

J».2  Cni,3? 

40.0  C^-Bentane 


•  C4*knitM 

•  Indan 

tr  Cl0-Alk*n« 

I  C|0-Tarpene 

tr 

■  C|Q-Alk«n« 


■  C4-B*n*«rv# 

•  C4-Benc*n# 

•  C4-Bantcne 

•  C  4-Ben**ne 

•  C4-Ben*an* 
tr 

tr  Oeyganatad 

all photic 

•  C4~  Bancan# 

•  Cj-Indan 

•  C^-Bamane 
Oayganated 
aliphatic 

•  Cj | -Alkane 
tr 

tr 


C^-Benaene 

C^- Banian* 


Cj'homw 
Cj  | -Alkane 

c11M20T 

Cj-Indan 

C.- Banian# 


■ 

C4'ioncono 

• 

tr 

- 

tr 

i 

- 

l 

Cj0-Aikona 

■ 

■ 

C4 -Cycloalkane 

C|0-Alkona 

■ 

Cj } -Alkane 

■ 

• 

- 

• 

Cj j-Alkan# 

■ 

C4- Benzene*  prcaont  In  upwind 

■ 

C4-Ben*ena 

• 

and  downwind  sample*  ai  a 

■ 

C4-Bent  ane 
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Table  *.3  (Coat'd) 
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Table  4.1  Summary  of  Number  of  Identified 
Compounds  by  Hydrocarbon  Type 


Hydrocarbon  Type 


Saturated 

Unsaturated 

Cycloalkanes 

Substituted  Benzenes 

Chlorinated  Hydrocarbons 

Indans 

Tetral Ins 

Decal  Ins 

Naphthalenes 

Total 


Sample 


:  Fuel 

Downwind 

Upwind 

27 

29 

21 

39 

53 

14 
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6 

1 

36 

43 

35 

l 

2 

2 

to 

15 

5 

2 

1 

0 

4 

9 

0 

8 

7 

5 

30 

167 

83 

many  are  due  to  the  relatively  low  concentrations  of  components  (especially  in 
the  downwind  sample)  that  were  therefore  not  readily  detected  by  the 
Instrument.  Thus,  while  167  compounds  were  tentatively  identified  in  the 
downwind  sample,  only  half  that  number  were  found  in  the  upwind  sample. 
Computerized  analysis  of  the  |et-f uel-sample  data  indicated  a  total  of  ahout 
450  compounds.  However,  only  IV)  were  present  in  sufficient  concent  rat  I  on  to 
be  easily  Identified  by  manual  methods.  Some  differences  were  apparent 
between  the  downwind  sample  and  the  )et  fuel  sample.  In  particular,  the  peak 
pattern  already  indicated  at  16.4  to  18. 0  mfn  fn  these  samples  is  produced  by 
different  compounds,  which  demonstrates  that  using  only  peak  patterns  to 
ascertain  chemical  similarities  can  lead  to  Incorrect  evaluations.  The 
percentages  of  the  total  number  of  major  compounds  identified  that  correspond 
to  photochemical ly  active  unsaturated  hydrocarbons  (122)  and  henzenes  (272)  in 
the  downwind  sample  are  identical  to  those  in  the  jet  fuel  sample.  In  the 
upwind  sample,  the  cor respond i ng  percentages  are  17  and  422,  respectively. 
Calculation  of  the  peak  intensities  of  the  compounds  in  the  jet  fuel  indicates 
that  it  consists  of  192  unsaturated  ring  compounds  (substituted  benzenes, 
lndans,  naphthalenes,  tetrallns),  512  saturated  hydrocarbons  (alkanes, 
decalins,  cycloalkanes),  and  102  unsaturated  hydrocarbons  (alkenes)  by 
weight.  Two  chlorinated  hydrocarbons  were  identified  In  the  samples. 
Surprisingly,  tet rachloroethane  was  not  only  found  in  the  upwind  and  downwind 
samples,  but  also  in  the  let-fuel  sample.  Dlchlorohenzene  was  found  only  in 
the  upwind  and  downwind  samples. 


4.5  CONCLUSIONS 

The  site  of  the  upwind  sampler  (adjacent  to  runway  9P  ,  Kig.  4.1)  was 
selected  to  preclude  the  collection  of  aircraft  emissions  and  provide  an  idea 
of  the  background  content  of  the  air  prior  to  contamination  bv  aircraft 
emissions.  The  fact  that  the  early  part  (10-15  min)  of  the  upwi  nd-samp  1  e 
chromatogram  appears  to  contain  the  same  relative  concentration  of  volatile 
components  as  the  downwind-sample  chromatogram  Is  therefore  not  unusual  and  is 
attributable  to  hydrocarbons  present  In  the  background  air.  However,  most  of 
these  lighter  components  are  also  present  In  the  jet  fuel  sample  with  similar 
peak  patterns.  Indicating  that  additional  sampling  is  necessary  to  resolve 
their  origin. 

There  is  no  doubt  aa  to  the  source  of  the  components  with  elution  times 
of  approximately  40-65  min  in  the  downwind  sample,  since  the  peak  patterns  are 
nearly  Identical  to  those  present  In  the  jet-fuel-sample  chromatogram.  The 
identification  of  jet  fuel  as  a  major  component  is  further  substantiated  by 
the  similar  percentages  of  the  total  number  of  major  compounds  Identified  in 
the  two  samples.  The  downwind  sample  contains  a  high  percentage  of 
unsaturated  hydrocarbons  and  benzenes  that  apparently  originate  from  the 
unburned  jet  fuel.  Thus,  this  jet  fuel  appears  to  have  a  greater  potential  to 
cause  photochemical  smog  than  would  a  fuel  consisting  primarily  of  saturated 
hydrocarbons. 
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5  AIRCRAFT  EMISSION  EFFECTS  ON  PHOTOCHEMICAL  SMOG 


Aa  Indicated  In  the  previous  section,  the  principal  motivation  for 
studying  hydrocarbon  emissions  from  aircraft  is  the  fact  that  hydrocarbons  are 
precursors  to  the  formation  of  photochemical  smog.  A  detailed  quantitative 
assessment  of  these  effects  for  any  particular  airport  necessarily  Involves  a 
very  significant  expenditure  of  time  and  effort,  subatantlally  greater  than 
that  required  for  a  comparable  assessment  for  some  unreactlve  pollutant.  A 
summary  of  what  is  Involved  Is  given  In  Sec.  5.1  as  part  of  a  qualitative 
assessment  based  upon  currently  available  information.  Section  5.2  contains  a 
dlsucsslon  of  further  research  required  in  order  to  quantify  the  effect. 


5.1  DISCUSSION 

Assessing  the  Impact  of  aircraft  emissions  on  photochemical  smog 
formation  is  complicated  by  several  factors  that  do  not  exist  In  the  case  of 
an  unreactlve  pollutant.  The  ozone  criteria  document  (USEPA,  1978a)  contains 
an  extensive  discussion  of  the  current  state  of  our  understanding  of  the 
origin  of  ozone  and  other  substances  In  the  atmosphere  that  together  comprise 
photochemical  smog.  Ozone  Itself  results  from  the  photolysis  of  NOj,  as 
described  In  Secs.  2.2.1  and  3.1.3,  and  the  photostationary  state  between  0-j , 
NO,  and  N02  does  exist  In  urban  atmospheres  to  a  reasonable  degree  of 
approximation.  The  presence  of  trace  asx>unts  of  various  hydrocarbons  In 
addition  to  oxides  of  nitrogen  results  In  other  manifestations  of 
photochemical  smog.  Including,  for  example,  the  production  of  additional  ozone 
above  the  aawunt  Initially  present  and  the  production  of  a  host  of  other 
substances,  such  as  aldehydes,  ketones,  organic  nitrates,  and  PAN  (peroxy- 
acetylnl t rate)  and  Its  analogs,  all  of  which  result  from  oxidation  of  the 
hydrocarbons  (Flnlayson-Pltts  and  Pitts,  1977;  USEPA,  1978a).  The  amount  of 
ozone  generated,  the  time  needed  to  generate  It,  and  the  nature  of  the  other 
reaction  products  depend  upon,  among  other  things,  the  specific  chemical  types 
of  hydrocarbon  present  and  their  concentrations.  The  chemistry  Involved  Is 
quite  complex,  and  certain  aspects,  such  as  the  mechanisms  by  which  higher- 
mo  1  ecu  lar-welght  hydrocarbons  are  oxidized,  are  poorly  or  incompletely 
understood. 

Elevated  ozone  levels  and  other  photochemical-smog  manifestations  are 
present  In  plumes  downwind  from  urbsnlzed  areas  ("urban  plumes").  These 
plumes  are  detectable  at  distances  comparable  to  the  total  distance  that 
pollutants  can  be  transported  by  the  wind  over  the  course  of  a  day.  In 
addition,  ozone  and  other  substances  can  persist  overnight  and  be  ready  to 
Initiate  further  photochemical  reactions  the  next  day,  with  the  result  that 
photochemical  smog  episodes  can  persist  for  several  days  at  a  time  within  a 
multistate  area  over  which  the  emissions  and  their  reaction  products  have  bean 
distributed.  This  large-scale  multlday  aspect  of  the  photochemical  smog 
problem  was  only  recognised  within  the  last  decade. 
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From  this  brief  description,  it  should  be  clear  that  quantitatively 
characterizing  the  effect  on  ozone  levels  of  a  certain  subset  of  precursor 
emissions,  such  as  those  due  to  aircraft,  is  a  formidable  task.  Even  If  the 
more  limited  objective  of  achieving  such  a  characterization  within  a  specific 
urban  plume  or  airshed  on  a  single  specific  day  were  adopted,  the  amount  of 
effort  that  is  required  Is  clearly  substantial.  In  particular,  even  assuming 
that  one  or  more  appropriate  computer  models  are  available,  the  complexity  of 
the  chemistrv  requires  that  a  very  extensive  and  detailed  emissions  inventory 
he  prepared.  Including  not  only  aircraft  sources  hut  also  all  other  sources 
both  stationary  and  mobile  that  may  contribute  significantly,  and  Including 
not  on )  v  emissions  of  NO  and  NO2  but  also  those  of  CO  (carbon  monoxide)  and 
especial  tv  also  those  of  various  chemical  classes  of  hydrocarbon  (usually  at 
least  four  classes  are  used:  alkanes,  alkenes,  aromatics  and  aldehydes, 

although  in  some  cases  it  may  be  desirable  or  even  necessary  to  subdivide 
these  still  further).  in  addition,  the  computer  model  must  incorporate  a 
sufficiently  detailed  description  of  the  chemical  reaction  kinetics,  which 
itself  requires  that  the  various  reactions  and  their  rate  coefficients  be 
understood  and  known;  of  particular  relevance  here  Is  our  result  that  aircraft 
hydrocarbon  emissions  are  composed  to  a  large  extent  of  unburned  Jet  fuel, 
which  consists  of  higher-molecular-weight  hydrocarbons  than  those  emitted  by 
aut omobi 1 es ,  for  example.  Most  photochemical  models  Incorporate  a  simplified 
description  of  tb >•  chemical  kinetics  associated  with  the  lighter  hydrocarbons 
emitted  by  autos  and  therefore  may  not  be  suitable  In  this  application.  The 
meteorological  data  requirements,  even  for  a  single-day  simulation  for  a 
particular  urban  area,  are  also  quite  substantial  for  most  photochemical 
models.  Boundary  and  Initial  conditions  must  also  be  taken  into  account,  and 
require  the  availability  of  suitable  air-quality  data.  Finally,  the 
computational  burden  and  facility  requirements  are  significant  for  most 
existing  photochemical  models.  Thus,  although  the  situation  is  not  hopeless, 
the  resource  requirements  for  a  modeling  assessment  of  the  Impact  of  aircraft 
emissions  on  photochemical  smog  are  substantially  beyond  the  scope  of  this 
research  effort. 

It  Is  possible,  however,  to  utilize  here  several  published  studies  of 
various  kinds  in  order  to  discusR  the  potential  Impact  of  such  emissions.  In 
particular,  the  results  of  previous  modeling  studies,  emission  summaries,  and 
smog-chamber  studies  all  provide  relevant  Information,  although  a  quantitative 
assessment  for  a  particular  area  cannot  be  made  without  the  kind  of  effort 
described  above. 

Several  modeling  studies  have  been  published  that  address  the  question 
of  aircraft  effects.  Including  those  of  Frame  (1978),  Duewer  and  Walton 
(1978),  and  Swan  and  Lee  (1980).  Of  these,  the  Duewer  and  Walton  paper  Is  the 
most  useful.  Frame's  modeling  approach  does  not  appear  to  be  suitable  for  the 
problem  at  hand,  and  no  useful  results  are  Included  In  his  brief  paper.  The 
work  by  Swan  and  Lee  represents  a  "very  preliminary"  attempt  to  use  a 
meteorological  planetary-boundary-layer  model  for  the  purpose  of  making  air 
quality  predictions  in  the  San  Francisco  Bay  area  and,  according  to  the 
authors,  no  quantitative  conclusions  should  be  drawn. 
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Duewer  and  Walton  uRed  one  version  of  the  Livermore  Regional  Air 
Quality  model  (L1RAQ)  to  examine  the  effects  of  doubling  or  halving  the 

emissions  from  commercial-aircraft  activities  in  the  San  Francisco  Bay  area. 
A  considerably  more  detailed  chemical -react i on  system  was  used  than  in  the 

other  two  works  mentioned  above,  and  yet  the  hydrocarbon  reactions  are  more 
typical  of  light  than  of  heavy  hydrocarbons.  Duewer  and  Walton  also  suggest 
that  the  neglect  of  natural  hydrocarbon  emissions  in  this  inventory  may 
represent  a  substantial  omission.  Aircraft  emissions  comprise  2.32  of  the 

basic  (1975)  Inventory  with  respect  to  both  S0y  and  HC  (hydrocarbons). 
Calculations  were  carried  out  using  meteorological  data  for  one  specific  day, 
chosen  because  both  observational  data  and  previous  modeling  results  had 

indicated  the  conditions  to  be  particularly  suitable  for  ozone  formation.  In 
addition  to  the  1975  inventory,  a  projected  1985  inventory  was  also  used  as  a 
basis  for  examining  the  sensitivity  of  ozone  levels  to  aircraft  emissions. 

Significant  local  effects  on  the  concentrations  of  primary  pollutants, 
aldehydes,  and  Nr>2  were  predicted  in  the  vicinity  of  major  airports.  This 
result  is  certainly  understandable,  since  in  the  corresponding  emission-model 
grid  cells,  aircraft  emissions  account  for  more  than  502  of  the  NOx  and  He 
emissions.  Local  reductions  in  ozone  levels  were  also  predicted,  resulting 
from  scavenging  of  ozone  by  reaction  with  NO.  For  the  1975-inventory 
calculation,  ozone  concentration  Increases  of  a  few  (up  to  3)  ppb  were 
predicted  downwind  of  the  major  airports  when  aircraft  emissions  were 
doubled.  The  effect  appeared  to  be  a  nearly  linear  function  of  the  relative 
change  in  aircraft  emissions.  For  the  1985  Inventory,  increasing  aircraft 
emissions  resulted  in  a  reduction  in  ozone  levels  over  most  of  the  area 
covered  by  the  model.  Significant  ozone  increases  were  predicted  only  for  a 
few  downwind  stations,  mostly  in  the  northeastern  part  of  the  modeled 
region.  This  difference  is  attributed  to  two  significant  differences  between 
the  1975  and  1985  inventories.  First,  the  ratio  of  aircraft  hydrocarbon 
emissions  to  aircraft  NOx  emissions  declined  from  1.42  for  1975  to  0.90  for 
1985,  and  second,  a  similar  change  occurred  in  the  overall  Hc/NOx  emission 
ration,  from  1.45  to  1.07.  It  is  known  In  general  that  the  Hc/NOx  emission 
ratio  is  a  significant  factor  in  determining  the  ultimate  amount  of  ozone 
produced . 

Two  remarks  seem  to  be  in  order  concerning  these  results:  (1)  It 

appears  that  Duewer  and  Walton  did  not  do  a  calculation  for  1985  in  which  the 
aircraft  HC/N0X  emission  ratio  was  maintained  at  Its  1975  value.  This 
calculation  would  have  simulated  the  effect  of  imposing  no  additional  emission 
controls  on  aircraft.  (2)  The  fact  that  Increases  in  ozone  at  downwind  sites 
were  In  fact  predicted  may  imply  that  the  time  required  for  maximum  ozone 
formation  may  simply  have  been  lengthened  by  the  change  the  HC/N0X  ratio 

and  the  corresponding  downwind  distance  is  such  that  it  lies  outside  the 
modeled  domain.  In  this  respect,  a  model  that  can  follow  a  plume  for  some 
distance  downwind  might  have  been  a  more  suitable  tool  for  making  this  kind  of 
assessment.  Overall,  the  effect  of  aircraft  emissions  does  not  seem  large 
according  to  the  results  of  Duewer  and  Walton,  but  the  issue  cannot  be 
regarded  as  settled. 


Another  useful  source  of  information  is  the  pub  I i shed  emission 
summaries  that  compare  aircraft  arid  other  emissions  at  various  levels  of 
aggregation.  Although  a  comprehensive  review  ■  •  f  sm  h  sour.es  of  information 
has  not  been  made,  a  partial  eompilatlon  ol  re. rnt  results  appears  In  Tables 
b .  1  ,  b.2,  and  S.l.  Table  b.l  summarizes  alnr-itt  hydrocarbon  and  N0X 

emissions  at  a  tew  selected  airports  and  air  bases,  expressed  as  percentages 
of  the  total  hydrocarbon  and  Noy  emissions  at  the  airport  or  air  base.  These 
results  indicate  that  on  the  local  level,  aircraft  emissions  at  major 
metropolitan  airports  account  for  between  707.  and  4 '>7  of  the  total  for  both 
hydrocarbons  and  N(lx.  The  situation  is  mixed  at  air  bases,  with  aircraft 
accounting  for  the  vast  majority  of  emissions  at  Williams  AFB  but  for  a 

significantly  lower  percentage  at  t ho  other  air  bases.  Table  b.2  gives  the 
total  annual  hydrocarbon  and  N0X  emissions  for  selected  airports  and  air 
bases.  The  total  aircraft  emissions  at  these  selected  sites  vary  over  nearly 
two  orders  of  magnitude,  although  the  malor  commercial  airports  each  give  risp 
to  at  least  several  hundred  metric  tons  per  vear  of  both  pollutants.  It  Is 
interesting  to  note  that  aircraft  hydrocarbon  emissions  from  Chicago  o'Hare 
alone  are  greater  than  the  combined  total  for  all  aircraft  included  in  Duewer 
and  Walton's  modeling  study,  and  the  N(>x  emissions  are  only  slightly  less  than 
those  for  San  Francisco.  In  this  context  it  would  have  been  interesting  to 

see  the  results  of  a  calculation  for  pan  Francisco  In  which  all  aircraft 
emissslons  were  assumed  to  arise  from  a  single  airport. 

Table  b.l  gives  aircraft  emissions  as  percentages  of  total  AQCR  (Air 
Quality  Control  Region!  emissions  from  all  sources.  Generally  speaking, 
aircraft  account  for  up  to  17  of  both  hydrocarbon  and  N(>x  emissions.  At  this 
level  of  aggregation,  however,  the  results  may  be  somewhat  misleading  in  the 
sense  that  not  all  the  emissions  within  an  area  as  large  as  an  AQCR  will 
affect  pollutant  concentrations  it  the  same  locations.  In  assessing  the 
effect  of  aircraft  emissions,  one  must  keep  in  mind  that  only  those  locations 
downwind  of  an  airport  or  air  base  will  be  affected  on  a  given  day.  The 
aircraft  emissions  from  a  given  airport  or  air  base  should  he  compared  with 
only  that  part  of  the  other  emlssi<  ns  that  have  an  effect  at  the  same 

locations.  In  addition,  one  has  to  keep  in  mind  that  the  downwind  distance 
from  a  source  ts  an  important  factor  in  determining  pollutant 

concentrations.  Clearly,  an  emission  comparison  such  as  is  given  in  Table  b.T 
should  be  considered  as  a  qualitative  indicator  only.  it  might  also  be 
mentioned  here  that  nationwide,  aircraft  account  for  1.22  of  the  hydrocarbon 
and  0.62  of  the  N0X  emissions  (Naugle  and  Fox,  19H1). 

A  third  useful  Indicator  of  potential  aircraft  effects  on  photochemical 
smog  Is  a  recent  report  by  Pitts  and  co-workers  at  the  California  Statewide 
Air  Pollution  Research  Center  containing  the  results  of  an  extensive  series  of 
outdoor  smog-chamber  experiments  in  which  various  types  of  Jet  aircraft  fuel 
were  characterized  with  respect  to  their  ozone- f orml ng  potential  (Carter  et 
al.,  1981).  This  research  represents  the  <■  Iv  Invest  ig.it  ion  known  to  us  that 
has  looked  explicitly  at  phot oc hemic  a.  el  ••cts  arising  from  the  specific 
hydrocarbon  mixtures  that  comprise  several  commonly  used  Jet  fuels.  The 
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lit.  raft  Ktntsslons  as  Percentages 
tin-  Airport/Air  Base  Totals 


9ox  He  Reference 


Naugle 

and  Fox 

(1981 ) 

;  '  * 

78* 

Naugle 

and  Fox 

( 1981 ) 

84 

72 

Shelar 

(1978) 

91* 

84* 

Sandys 

(1978) 

V)* 

87* 

Sandy s 

(1978) 

u  s  * 

69* 

Sandys 

(1978) 

11  * 

16* 

Sandys 

(1978) 

HI.* 

98* 

Sandys 

(1978) 

r.raft  and  vehicular  emissions  only; 
>r  eil . 


-I'k. 
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Table  S.2  Annual  Aircraft  Hydrocarbon  and  NO x  Kmisslons 


at 

Selected 

Ai  r port s / A1 r 

Bases 

Aircraft 

(metric 

Kml bs 1 ons 
t  ons/year ) 

Airport /Air  Base 

N0X 

HC 

Reference 

Dulles  International 

842 

88  1 

Sandy s 

(1978);  She  1 ar  (1978) 

Ml nneapol 1 s 

f>  17 

Sandys 

(1978) 

Chicago  O' Hare 

4118 

8f>74 

Daley 

and  Naugl e  (1978) 

San  Francisco* 

4818 

8220 

Duewer 

and  Walton  (1978) 

Tinker  AFB 

IhO 

92 

Sandys 

(  1978) 

Da v 1 s-Mon t hon  AFB 

14 

10 

Sandys 

(  1978) 

Williams  AFB 

1400 

1  20 

Sandys 

(1978) 

•Combined  totals  for  three  major  bay-area  commercial  airports  (San 
Francisco,  San  Jose,  and  Oakland),  three  military  airfields  (Alameda 
Naval  Air  Station,  Moffett  Field,  and  Hamilton  AFB)  and  several  general 
aviation  airports.  Commercial  aircraft  emissions  comprise  about  two- 
thirds  of  each  total. 


* 


i 


# 

i 


\ 


t 


117 


Table  5.3  Aircraft  F.ral ss Ions  as  Percentages  of  AQCR  Totals 


AQCR 

Ai rport 

NOx 

HC 

Reference 

At  1  ant  a 

all 

3.2 

3.1 

Naugle 

and  Fox  (1981) 

ATL 

2.3 

2.1 

Pat  ten 

(1978) 

DC 

all 

- 

- 

DCA 

0.6 

0.2 

Pat  ten 

(1978) 

Los  Angeles 

all 

0.81 

1.30 

Jordan 

and  Broderick 

( 1978) 

LAX 

0.5 

0.5 

Patten 

(1978) 

NY-NJ-Oonn 

all 

0.50 

0.70 

Jordan 

and  Broderick 

(1978) 

JFK 

0.3 

0.7 

Patten 

(1978) 

Cb( rago 

all 

0.59 

0.70 

Jordan 

and  Broderick 

(1978) 

ORn 

0.6 

1  .0 

Patten 

(1978) 

San  Francisco 

all 

1  .20 

1.60 

Jordan 

and  Broderick 

(1978) 

all 

1  .9 

2.2 

Duevre  r 

and  Walton  (1978) 
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results  have  special  significance  from  the  point  of  view  of  this  report,  since 
the  major  conclusion  arrived  at  on  the  basis  of  the  measurements  described  In 
Sec.  4  was  that  the  composition  of  hydrocarbon  emissions  from  queuing  aircraft 
Is  essentially  the  same  as  that  of  unburned  Jet  fuel.  Thus  many  of  the  smog- 
chamber  results  may  be  taken  over  more  or  less  directly  into  the  atmosphere. 
However,  the  smog-chamber  experiments  do  not  in  fact  simulate  faithfully  all 
the  features  of  atmospheric  chemistry,  fur  several  reasons  (nor  do  Pitts  and 
co-workers  claim  that  they  do).  In  particular,  the  effects  of  hydrocarbons 
emitted  by  other  sources,  especially  automobiles,  are  not  Included,  nor  are 
the  overall  effects  of  dilution  and  fresh  N0X  injections.  Also,  It  Is  known 
that  smog-chamber  walls  act  as  a  free  radical  source  under  Irradiation  with 
sunlight  or  UV  light,  and  these  chamber  effects  are  not  very  well 

understood.  Nevertheless,  the  results  of  Carter  et  al .  are  very  useful  for 
understanding  the  qualitative  effects  that  the  rather-hlgh-molecular-weight 
hydrocarbons  In  jet  fuel  have  on  the  formation  of  smog,  especially  relative  to 
other  fuels,  and  represent  a  starting  point  in  the  research  work  needed  to 

understand  the  photochemistry  of  NOx-Jet  fuel  mixtures. 

Rather  than  discuss  all  the  results  and  conclusions  arrived  at  by 

Carter  et  al.,  we  refer  t.  a  reader  to  their  report.  In  the  context  of  this 
discussion,  the  two  results  of  greatest  significance  are  (1)  that  the 

reactivity  of  a  hydrocarbon  fuel,  consisting  of  a  mixture  of  alkanes  and 
aromatics,  with  respect  to  the  rate  at  which  ozone  Is  generated.  Increases 
with  Increasing  aromatic  content,  and  (2)  that  the  total  amount  of  ozone  that 
can  be  formed  may  not  differ  greatly  from  fuel  to  fuel.  In  addition  to 
several  types  of  jet  fuel,  unleaded  gasoline  and  diesel  No.  2  were  examined, 

and  both  were  found  to  be  more  reactive  with  respect  to  ozone  formation  rate 

than  any  of  the  jet  fuels  examined.  The  reactivities  correlated  well  with 

aromatic  content  except  for  those  fuels  consisting  almost  entirely  of  various 

polycyclic  Cjq  to  isomers.  Such  fuels  are  high-energy  fuels  developed  for 
use  In  various  military  applications,  and  all  result  In  only  slow  formation  of 
ozone . 


The  second  result  cited  above  indicates,  however,  that  given  enough 
time,  even  the  unreactlve  hydrocarbons  can  ultimately  cause  the  formation  <f 
as  much.  If  not  more,  ozone  than  can  the  reactive  fuels.  Carter  et  al.  point 
out  In  addition  that  the  conditions  under  which  optimum  ozone  formation  occurs 
differ  from  fuel  to  fuel  because  of  the  effect  of  nighttime  ozone  and  N0X 
removal.  They  also  note  that  the  types  of  experiments  that  were  conducted  are 
not  particularly  suitable  for  determining  maximum  ozone  yields,  especially  for 
relatively  unreactlve  fuels.  Carter  et  al.  go  on  to  say  that  dieael  No.  2 
clearly  forms  less  ozone,  and  that  It  Is  probable  that  unleaded  gasoline  may 
also  form  somewhat  less  ozone  than  the  other  fuels.  The  Implication  seems  to 
be,  although  It  la  not  stated  In  so  many  words,  that  the  jet  fuels  examined 
all  probably  form  more  ozone,  albeit  after  a  longer  period  of  time,  than  does 
unleaded  gasoline  and  that  thla  la  clearly  the  case  for  dieael  No.  2.  In 
other  words,  aircraft  hydrocarbon  emissions  may  give  rise  to  less  ozone  than 
do  other  emissions  on  the  day  of  the  emission,  but  they  have  the  potential  to 
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generate  an  equal,  tf  not  a  greater,  amount  of  ozone  than  others  In  multiday 
episodic  situations. 


*>.2  FURTHER  RESEARCH  REQUIREMENTS 

Progress  must  he  made  In  at  least  two  areas  before  the  Impact  of 

aircraft  hydrocarbon  and  N0X  emissions  on  photochemical  smog  production  can 
begin  to  be  quantified.  The  first  area  Is  that  of  our  knowledge  of  emission 
rates  and  composition.  Additional  studies  should  be  carried  out  In  order  to 
(a)  verify  or  refute  our  observation  that  the  composition  of  hydrocarbon 
emissions  from  queuing  and  taxiing  aircraft  Is  essentially  that  of  raw  jet 
fuel,  and  (b)  quantify  the  emission  rates  of  several  classes  of  hydrocarbon, 
including  alkanes,  alkenes,  aromatics,  and  oxygenated  hydrocarbons  such  as 
aldehydes.  It  may  be  desirable  to  consider  subclasses  as  well,  the  main 

criterion  being  similarity  of  chemical  behavior  In  the  generation  of 
photochemical  smog.  It  Is  understood  that  some  of  this  work  is  already  being 
done  by  other  research  groups. 

The  second  area  In  which  progress  Is  needed  Is  that  of  understanding 
the  various  chemical  reactions  that  hydrocarbons  of  the  type  in  jet  fuel  and 
in  let-engine  emissions  undergo  In  the  atmosphere.  As  discussed  in  the 

previous  section,  a  good  beginning  has  been  made  In  this  respect,  but  more 
work  is  needed  in  order  to  develop  a  reaction  mechanism  that  could  be 
Incorporated  into  a  photochemical  smog  model.  For  a  detailed  list  of 
recommendations  along  these  lines,  see  the  report  by  Carter  et  al .  (1981). 
F.xperlments  involving  mixtures  of  jet  fuel  and  other  hydrocarbons 
representative  of  automotive  emissions  would  be  useful  in  elucidating  the 
interaction  of  aircraft  emissions  with  urban  photochemical  smog. 

The  research  goals  just  mentioned  will  take  some  time  to  achieve,  and 
enough  Information  exists  now  to  allow  the  development  of  a  preliminary 
reaction  mechanism  for  heavier  hydrocarbons  that  could  be  used  In  a 
photochemical  modeling  study.  We  recommmend  that,  concurrent  with  the 

fundamental  chemical  kinetic  studies,  such  a  preliminary  mechanism  be 
developed  and  Incorporated  Into  a  model  and  that  the  resulting  model  be 
exercised  to  obtain  estimates  of  the  actual  effect  of  aircraft  emissions  on 
photochemical  smog  for  single-day  simulations.  This  type  of  initial 
quantitative  assessment  would  be  valuable  In  providing  timely  Information  to 
FAA  and  USAF  on  such  Impacts  and  may  also  Indicate  the  need  for  specific 
experimental  or  observational  studies  to  provide  data  In  areas  where  they  are 
lacking. 
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6  SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 


h.l  NITROGEN  DIOXIDE  EFFECTS  AND  MODELING  OF  TAKEOFF  EMISSIONS 

A  combined  field-measurement  and  model-development  program  has  been 
carried  out  to  investigate  aircraft  contributions  to  ambient  W>2  and  N0x 
levels.  The  field  measurements  were  made  at  one  location  near  a  busy  runway 
at  Chicago's  O'Hare  International  Airport  over  a  period  of  approximately  two 
and  a  half  months  in  the  fall  of  1980,  with  a  (omplete  set  of  measurements  of 
all  variables  being  taken  once  every  second  throughout  the  entire  period.  A 
large  data  base  has  thereby  been  compiled,  suitable  not  only  for  the  purposes 
of  the  work  reported  here  but  for  other  possible  studies  involving  Jet- 
aircraft  takeoff  events.  General  data  reduction  and  processing  routines  have 
heen  developed  that  facilitate  the  use  of  this  data  base. 

Much  of  the  analysis  discussed  in  Sections  2  and  3  could  not  have  been 
made  without  the  high  sampling  rate  utilized  in  this  study.  In  addition  to 
allowing  detailed  plume  concentration  profiles  to  be  determined,  the  high 
sampling  rate  allowed  reasonably  accurate  corrections  to  be  made  for 
1  ns t rumen t /samp  1 1 ng  system  effects  such  as  arise  from  finite  response  times 
and  relative  time  lags  in  concentration  measurements.  In  our  opinion,  the 
gain  in  resolution  obtained  by  including  these  procedures  was  significant.  It 
is  strongly  recommended  that  in  any  future  field  monitoring  studies  of  a 
similar  nature,  similar  efforts  be  made.  In  addition,  the  high  desirability 
of  redundancy  in  the  monitoring  instrumentation  was  pointed  up  when  problems 
were  encountered  in  the  dynamic  calibration  system  used  in  calibrating  one  of 
the  NO^  Instruments.  The  presence  of  another  NOx  instrument  using  a  different 
calibration  procedure  turned  a  serious  and  program-threatening  problem  into  an 
annoying  but  solvable  difficulty. 


& 

~t>  * —  i 


Several  notable  results  arose  from  the  measured  data  themselves. 
Independent  of  anv  modeling  assumptions.  Most  of  these  results  were  obtained 
as  part  of  a  general  effort  to  Independently  check  several  assumptions  that 
were  Incorporated  into  the  model  being  developed. 

The  ambient  air  measurements  of  NO,  N0X,  and  Oj  were  checked  for 
consistency  with  the  assumption  of  a  photostationary  state  in  the  ambient 
atmosphere.  Although  a  totally  independent  verification  could  not  be  made 
because  of  the  lack  of  direct  measurements  of  the  N(>2  photodissociation  rate 
coefficient  k^,  the  data  were  found  to  be  consistent  with  the  photostatlonary- 
state  assumption,  as  expected  from  other  studies.  Equally  as  Important  for 
the  model-validation  phase  of  the  program,  an  empirical  expression  with  which 
k^  could  be  estimated  from  pyranometer  data  was  developed.  The  expression  ao 
derived  was  consistent  with  similar  results  reported  in  the  literature.  The 
consistency  of  the  results  of  the  analysis  of  ambient  data  and  the  development 
of  a  method  for  estimating  kA  with  other  results  reported  in  the  literature 
served  also  as  a  valuable  check  on  the  data  collection,  reduction,  and 
processing  procedures. 
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Hit*  .assumption  of  a  photost  at  lonary  state  within  aircraft  plumes  was 
also  made  in  the  N02  model,  and  an  important  result  of  the  field  program  was 
the  verification  of  this  assumption  by  two  different  techniques.  The  first 
method  involved  examining  the  quantity  ♦  •  [  NO]  [0}  ]  /Kf  NO2  ]  .ad  Its  possible 
dependence  on  the  N0X  concentration.  No  significant  dependence  was  found, 
implying  similar  values  both  within  and  without  aircraft  plumes.  In  addition, 
the  median  value  of  this  quantity  was  near  unity,  the  value  expected  from  the 
photostat  ionary-state  assumption.  Problems  can  arise  with  this  technique, 
however,  primarily  related  to  (1)  the  estimation  of  |N02),  which  must  be  done 
by  taking  the  difference  of  (N0X]  and  [NOj,  and  (2)  the  facts  that  ♦  is 
intrinsically  positive  and  its  expected  value  is  unity.  Measurement  errors  in 
t  can  never  amount  to  less  than  -1.0  but  can  be  greater  than  zero  by  virtually 
anv  amount.  Consequently,  the  results  using  this  method  can  be  biased  towards 
values  greater  than  one. 

The  second  method  of  verification  was  designed  to  avoid  these 
difficulties  and  consisted  of  computing  the  average  value  of  the  quantity  D  « 
< ( NO 1 / ( N0X } )  -  K/(|0j)  ♦  K)  for  concentrations  measured  at  the  peaks  of  fifty 
individual  plumes  chosen  for  analysis.  The  computed  average  value  was  well 
within  one  standard  deviation  of  the  expected  value  of  zero,  thereby 

confirming  again  the  photostat ionary-atate  assumption  for  aircraft  plumes. 

The  ratio  of  N02  to  N0X  in  direct  emissions  by  jet  aircraft  was 
estimated  from  NO,  N0X,  and  0}  measurements  at  the  peaks  of  the  plumes 
referred  to  above,  in  combination  with  the  corresponding  ambient 

measurements.  The  value  found  for  the  ratio  of  NO  to  N0X  was  0.93  *  (lo)0.08, 
implying  an  emission  ratio  of  IX  for  N02/N0x.  This  result  was  found  to  be 
independent  of  aircraft  type,  although  only  Boeing  727b  and  McDonnel 1-Douglas 
OC-lOs  were  considered.  The  value  obtained  in  this  work  agreed  closely  with 
other  estimates  in  the  literature,  but  represented  a  totally  independent  check 
because  of  the  utilization  of  measurements  Involving  actual  aircraft  plumes 
rather  than  direct  engine-emission  measurements. 

The  primary  goal  of  the  study  was  to  Investigate  aircraft  effects  on 
local  NOj  concentrations.  Two  mechanisms  exist  whereby  aircraft  emissions 
affect  NOj  levels:  direct  N02  emissions  and  chemical  reaction  of  direct  NO 

emissions  with  ozone  in  the  ambient  air  to  form  NOj.  By  measuring  NO,  N0X, 
and  0-j  within  a  number  of  pluses,  it  proved  to  be  possible  to  evaluate  the 
relative  Importance  of  these  two  swchanlems  and  its  dependence  on  the  travel 
time  of  a  plume  alnce  emission.  The  fraction  f  of  the  measured  peak  N02 

concentration  that  1#  due  to  the  NO  ♦  O3  reaction  ia  given  by  f  ■  (|0jla  * 

l03Jp)/[M,2lp,  where  subset ipts  p  and  a  denote  peak  plume  and  ambient  values, 
respectively.  Our  results  showed  that  for  aircraft  plumes,  f  is  approximately 
0.3  at  a  travel  tlsw  of  40  a,  and  approximately  0.7  at  80  s.  Furthermore,  f 
is  expected  to  lie  between  0.9  end  1.0  after  approximately  120  s  and  to 
approach  the  limiting  value  of  1.0  for  longer  travel  times.  These  results 
were  found  for  rather  low  ambient  ozone  levels;  the  relative  Importance  of 
chemical  reaction  is  expected  to  Increase  with  Increasing  ozone  concentration 
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for  any  given  travel  time.  Theme  result*  were  Independent  of  aircraft  type, 
only  727s  and  DC-lOs  being  considered. 

Finally,  observed  NO2  and  N0X  aircraft-related  one-hour  dosages  were 
found  to  be  linear  functions  of  the  number  of  takeoffs  per  hour,  as 

expected.  Of  the  31  one-hour  periods  examined,  the  highest  aircraft-related 

N0k  dosage  was  250  ppm- s ,  corresponding  to  a  one-hour  average  concentration  of 
69  ppb,  and  the  highest  aircraft-related  NO2  dosage  was  64  ppm-B, 
corresponding  to  a  one-hour  concent  rat  Ion  of  18  ppb.  The  linear  relationship 
between  hourly  dosage  and  number  of  takeoffs  supports  the  approach  adopted  In 
the  model,  which  involves  computing  the  dose  due  to  a  single  aircraft  of  each 
type  and  multiplying  by  the  number  of  takeoffs  of  each.  The  slope  of  the  line 
of  a  plot  of  dose  versus  takeoffs  per  hour  is  expected  to  depend  somewhat  on 
the  particular  mixture  of  aircraft  types  involved  In  addition  to  the  location 
of  the  observer.  The  most  prevalent  aircraft  on  the  runway  used  in  this  study 
were  727s  and  DC-lOs;  relatively  few  Boeing  747a  were  observed,  for  example, 

and  a  747  has  35J  more  N0X  emissions  than  a  DC-10  and  214X  more  than  a  727  . 

The  possibility  exists,  therefore,  for  significantly  higher  NO2  and  NOx 
concentrations  to  be  produced  with  a  different  aircraft  mix  and,  for  NO2,  with 
higher  ambient  ozone  levels. 

The  mathematical  model,  which  was  developed  and  Implemented  In  a 
FORTRAN  computer  program,  Incorporates  a  very  general,  time -dependent 
formulation  suitable  for  evaluating  effects  from  several  sources,  each 
undergoing  an  arbltrarv  set  of  motions.  The  current  version  of  the  computer 
program  Incorporates  only  a  description  jf  the  motion  of  aircraft  during 
takeoff,  and  handles  only  one  takeoff  event  at  a  time,  although  the 
generalization  to  other  modes  of  activity  Involving  other  movements  could  be 
mode  with  relative  esse.  The  current  model  predicts  both  single-plume  and 
one-hour  average  concentrations  of  N0X  and  NO2 ,  although  again  with  relatively 
minor  changes  other  pollutants  such  as  CO  or  particulate  matter  could  be 
handled  aa  well. 


The  validation  of  the  model  proceeded  In  two  steps.  Initially,  the 
width  and  depth  of  an  Individual  aircraft  plume  were  expected  to  grow 
proportionally  to  t1*^  (Gifford,  1977),  where  t  la  the  travel  time.  An 
examination  of  the  width  of  approximately  fifty  plumes  Indicated  however  that 
the  (horizontal)  standard  deviation  0^  varied  aa  At®*^  rather  than  the  higher 
rete  expected  from  other  published  results,  although  considerable  scatter 
exists  In  these  data  and  It  would  be  highly  desirable  to  exasdne  more  data  In 
order  to  get  a  better  statistical  basis  for  such  an  estimate.  The  appropriate 
modification  was  made  to  the  model,  and  the  coefficient  A  was  adjusted  so  that 
model  predictions  ware  on  the  average  In  agreement  with  observations  of  0^. 


Bated  on  the  experience  with  plume  widths,  It  wa-  decided  to  attempt  to 
determine  both  the  plume  height  and  the  (vertical)  standard  deviation  at  as 
functions  of  travsl  time.  Due  to  the  functional  form  of  the  expressions  used 
in  the  model,  plume  rise  end  vertical  dispersion  must  be  considered  jointly. 
Also,  since  measurements  ware  mods  st  only  one  location  end  height,  e  unique 
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determiner ton  wag  Impossible  and  several  additional  assumptions  had  to  be 
made,  particularly  with  respect  to  the  functional  form  used  to  express  the 
time  dependence  and  to  the  expected  behavior  In  certain  limiting  cases.  The 
adjustment  of  the  values  of  several  parameters  that  appear  in  the  equations 
was  carried  out  by  trial  and  error  In  such  a  way  as  to  cause  the  model 
predictions  of  peak  N0X  concentrations  to  agree  on  the  average  with  observed 
peak  N0X  concentrations.  This  approach  was  fairly  successful  for  travel  times 
up  to  about  100  s,  but  beyond  this  the  model  still  systematically 
underprcdicts  peak  values.  Due  to  budget  and  time  constraints,  a  more  general 
optimization  procedure  making  use  of  substantially  more  data  could  not  be 
developed,  although  In  our  opinion  a  significantly  better  parameterization 
would  result  from  a  more  extensive  effort  In  this  regard.  As  things  now 
stand,  the  optimization  of  the  single-plume  model  should  be  regarded  as  only 
partially  complete. 

Another  aspect  of  this  situation  Is  that  additional  Independent 
experimental  determinations  of  plume  rise  and  both  horizontal  and  vertical 
growth  as  functions  of  travel  time  are  needed.  The  method  of  assessment  used 
here,  that  of  optimizing  parameters  within  the  context  of  a  particular 
dispersion  model,  is  not  as  satisfactory  from  a  scientific  point  of  view  as 
that  of  Incorporating  Independently  derived  expressions. 

In  addition,  several  cases  were  found  of  individual  plumes  for  which 
the  back  trajectories  computed  by  the  method  discussed  In  Sec.  3.1.6  did  not 
Intersect  the  runway,  and  Indeed  could  be  rather  far  from  it.  Similar 
situations  were  found  for  a  number  of  the  one-hour  periods  examined  In  Sec. 
3.2.1.  Systematic  deviations  from  straight-line  trajectories  are  suspected  as 
the  cause  of  this  behavior;  in  other  words,  the  wind  field  in  the  vicinity  of 
runway  32R  may  not  be  sufficiently  homogeneous  for  the  straightforward 
approach  used  in  this  work,  which  considers  mean  trajectories  to  be 
straight.  A  possible  reason  for  the  apparent  lack  of  homogeneity  is  the 
presence  of  several  Air  Force  alert  hangars  near  the  monitoring  site.  These 
hangars  are  sufficiently  large  and  are  located  in  approximately  the  right 
place  to  cause  the  observed  behavior.  It  may  be  possible  to  correct  for  this 
effect,  although  no  such  correction  was  attempted  In  this  study. 

The  results  of  the  validation  of  the  multiple-plume  version  of  the 
model  for  the  prediction  of  one-hour  dosages  and  the  corresponding  one-hour 
average  concentrations  were  satisfactory,  considering  the  difficulties 
discussed  above.  Graphs  of  predicted  and  observed  NOx  and  NOj  dosages  yielded 
acceptable  regression  lines,  and  the  agreement  would  be  expected  to  Improve  if 
the  single-plume  description  were  Improved  as  suggested  above.  On  the  whole, 
the  model  currently  tends  to  overpredict  one-hour  NOj  concentrations  by  about 
17X  and  one-hour  N0X  concentrations  by  about  S7X. 

It  must  be  pointed  out  that  the  validation  carried  out  thus  far  is 
appropriate  for  locations  relatively  close  to  the  aircraft  that  are  taking  off 
and  for  correspondingly  short  travel  times.  Confidence  In  the  modal 
predictions  necessarily  declines  as  the  travel  time  is  lncraased.  Additional 
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validation  studies  involving  greater  distances  and  travel  times  ars  needed  to 
firmly  establish  the  validity  of  the  model  at  these  distances.  Additional 
optimization  of  the  single-plume  model  and/or  independent  determinations  of 
plume  rise  and  dispersion  should  precede  any  new  field  program  for  model 
validation,  however. 


6.2  HYDROCARBON-EMISSION  COMPOSITION 

The  technique  utilized  in  this  study  to  Investigate  the  composition  of 
hydrocarbons  In  the  exhaust  of  jet  aircraft  consisted  of  the  collection  of 
sets  of  ambient  samples  using  a  resin  to  adsorb  hydrocarbons  from  air  drawn 
through  It  and  subsequent  analysis  using  gas  chromatography/mass 
spectrometry.  Each  set  consisted  of  two  samples,  one  taken  upwind  of  and  one 
taken  downwind  of  busy  taxiways  upon  which  queues  of  aircraft  often  form  while 
awaiting  clearance  for  takeoff.  The  exhaust  composition  was  inferred  by 
examining  the  differences  between  the  samples. 

A  total  of  four  different  sets  of  samples  were  collected  for  the 
purposes  of  this  study,  and  one  sample  of  commercial  jet  fuel  was  also 
obtained  for  analysis.  Due  to  experimental  difficulties,  only  one  set  of 
samples  proved  to  be  suitable  for  study  and  only  the  results  of  that  analysis 
Is  discussed  In  this  report. 

One  unambiguous  conclusion  that  may  be  drawn  from  the  analysis  is  that 
unburned  jet  fuel  constitutes  a  major  portion  of  the  downwind  sample  that  was 
examined.  Although  the  downwind  sampler  was  positioned  to  maximize  the 
collection  of  exhaust  gases  from  queuing  aircraft,  on  that  particular  day  the 
upwind  sampler  had  to  be  positioned  on  the  other  side  of  the  airport  and 
differences  between  the  two  samples  cannot  be  unambiguously  attributed  to 
aircraft-exhaust  emissions.  It  Is  possible  that  evaporative  emissions  from 
fueling  or  other  operations  were  a  significant  contributor;  even  fuel  spilled 
on  the  wings  of  the  aircraft  and  evaporating  Into  the  air  as  the  aircraft 
prepared  to  take  off  may  have  contributed.  The  ldentif lcatlon  of  a 
significant  contribution  from  unburned  fuel  seems  clear,  however,  from  a 
comparison  of  the  gas  chromatograms  from  the  two  ambient  samples  with  that 
from  the  sample  of  Jet  fuel.  Patterns  that  are  distinctive  In  the  fuel  show 
up  strongly  In  the  downwind  sample  but  not  in  the  upwind  sample,  and  mass- 
spectrometric  analysis  verifies  the  Identity  of  the  constitutents  giving  rise 
to  corresponding  peaks  in  the  vast  majority  of  cases. 

Detailed  analysis  of  the  jet  fuel  sample  reveals  a  high  percentage  of 
aromatic  and  unsaturated  aliphatic  compounds,  approximately  502  by  weight. 
Aromatics  and  unaaturated  compounds  In  general  are  known  to  be  significant 
contributors  to  the  production  of  photochemical  smog.  The  conclusion  Is  that 
the  fuel  examined  at  least  has  the  potential  to  have  a  significant  Impact  on 
amog  levels,  depending  on  the  overall  emission  rate  at  the  airport. 


Considerably  *ore  work  needs  to  be  done  to  draw  any  firm  conclusions 
about  the  composition  and  effects  of  aircraft  hydrocarbon  emissions,  and  the 
small  effort  described  here  can  only  be  regarded  as  very  preliminary.  It 
would  be  of  considerable  interest  simply  to  characterise  a  large  number  of 
commercial  jet  fuels  in  order  to  quantify  the  differences  in  their 
compositions.  It  is  also  necessary  to  obtain  sets  of  samples  in  which 
aircraft  exhaust  clearly  represents  the  major  cause  of  any  differences  between 
upwind  and  downwind  samples.  With  regard  to  the  possibility  of  identifying 
the  aircraft  contribution  to  an  ambient  sample  collected  downwind  of  an 
airport,  more  work  needs  to  be  done  in  simply  determining  chromatographic 
"signatures"  for  aircraft  exhaust  as  well  as  for  other  common  hydrocarbon 
sources.  No  clear  reason  why  this  Identification  cannot  in  principle  be  made 
has  been  uncovered. 


A.  3  EFFECTS  ON  PHOTOCHEMICAL  SMOC 

The  basis  does  not  yet  exist  from  which  to  draw  firm  quantitative 
conclusions  about  the  effect  of  aircraft  emissions  on  the  generation  of 
phot orheml cal  smog.  Modeling  studies  to  date  do  not  incorporate  an  adequate 
understanding  of  the  atmospheric  chemistry  of  the  heavier  hydrocarbons  in  jet 
fuel  or  jet  aircraft  emissions,  nor  have  they  been  used  to  simulate  a 
sufficiently  long  atmospheric  residence  time.  Many  questions  regarding  how  a 
model  should  handle  multiday  situations  remain  to  be  answered.  Emission 
summaries  provide  interesting  comparisons  of  the  relative  magnitudes  of 
aircraft  and  other  emissions  but  cannot  be  used  to  generate  a  quantitative 
measure  of  their  effects.  Recent  smog-chamber  experiments  represent  a  good 
beginning  to  the  work  that  needs  to  be  done  to  achieve  an  understanding  of  the 
chemistry  involved,  but  as  yet  have  not  provided  all  of  the  needed 
Informal  ion . 

Additional  emission  measurements  are  needed  to  quantify  the  emission 
rates  of  various  types  of  hydror arbons,  including  aldehydes,  and  to  provide 
additional  information  on  the  composition  of  the  hydrocarbon  emissions. 
Further  kinetic  studies  are  essential  to  elucidate  the  atmospheric  chemistry 
of  the  hydrocarbons  Involved.  Work  should  be  initiated  on  the  development  of 
a  suitable  chemical  reaction  mechanism  and  on  its  incorporation  into  a  model 
in  order  that  preliminary  estimates  of  aircraft  effects  may  be  provided  and 
specific  areas  of  uncertainty  identified  concurrently  with  the  pursuit  of  more 
fundamental  research  goals. 
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APPENDIX  1 


NO- NO 2 -«■ ^  CHEMICAL  DYNAMICS  IN 
HOMOGENEOUS  MIXTURES 

It  is  possible  to  describe  exactly  the  evolution  of  a  spatially 
homogeneous  system  containing  a  mixture  of  NO,  NOj ,  and  O-j  in  air  under  the 
assumption  that  the  only  chemical  reactions  that  take  place  are 

NO,  +  0.,  - -v-»  NO  +  0^  (A) 

and 

NO  +  O-J - V  Ni>2  +  «>2  (  B) 

The  purpose  of  this  appendix  is  to  derive  the  relevant  mathematical 
expressions  and  to  examine  certain  limiting  rases,  among  them  the  approach  to 
a  phot  os t at i onarv  state. 

For  notat tonal  convenience,  denote  the  concentrations  (number 
densities)  of  NO,  bv  x,  of  NO  hv  v  and  of  0-j  by  z,  and  denote  their  respective 
initial  values  hv  subscript  o's.  Denote  the  difference  x  -  x0  by  then  the 
stoichiometry  of  reactions  A  and  B  implies  that  y  -  y  *  f,  *  z0  -  z,  and  that 
F,  ■  0  at  time  t  -  0.  These  relations  implv  that  at  ary  time  t  0,  x,  y  and  z 
are  given  bv: 


x(  t  )  “ 

+  f'(t) 

( Al ,1a) 

y(  t )  » 

y0  -  Kit) 

(Al .lb) 

z  ( t )  * 

zn  -  C(t) 

(Al .lc) 

Assuming  that 

reactions  A  and  B  are  the  only  reactions  that  apply, 

the  total 

rate  of  change  of  the  NO2  concentration  is 

~  .  -|<Ax  ♦  k0yz  (A!  .2) 

where  kA  and  kg  are  the  rate  coefficients  for  reactions  A  and  B.  Substituting 
in  Eq.  Al  .2  for  x,  y,  and  z  yields  a  differential  equation  for  f, : 

”  a  -  Bf,  +  kg^^  (Al.)) 


fjCTQIIMW  P*m  UtM.Wtt  VM MB 

:r*~1  * 


««!  <«!*>***•!»- 
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in  wti  i  c  h  : 

•'<  '  -kAxo  +  kBvozo  (A1.4a) 

*  -  kA  +  kB(vo  +  zo>  (Al .4b) 

Clearlv,  B  ■  n  and  a  can  have  either  si  gn  or  he  zero.  Equation  Al  .3  may  b  e 
integrated  t  n  give  r(t)  tn  terms  of  the  rate  coefficients  and  (nitlal 
concentrations;  substitution  Into  Eqs.  Al.la-c)  then  giveB  each  concentration 
as  a  function  ot  time.  The  result  ot  integrating  Kq .  Al .3  is: 


•ft) 


( - 

( 1  -  exp( -X  t ) J 

1  ~(V";"x  )'xp(  -x  t  > 

(Al .3) 


in  which: 


(flJ 


iakB) 


1/2 


(Al .b) 


It  can  be  shown  that  X  is  always  greater  than  or  equal  to  zero.  For  some 
purposes,  it  Is  convenient  to  have  an  alternate  expression,  obtained  by 
subs t I  tut  1  on : 


X  /  8  and  o 


Bt 


r.(t  ) 


B 

L  2k 


k  i-u) 


1  1  -  exp(-po)) 

1  -(-HrS)  <,xp(-'jo) 


(Al .7) 


(Al .8) 


The  expression  for  r,  ( t  )  , 
to  t he  problem  under  t he 
k^  and  kp  are  not  t  1  mi 
Interest,  however. 


Kq .  AI.3  or  Kq .  A1.8,  provides  the  complete  solution 
assumptions  given  above  and  the  tacit  assumption  that 
-dependent.  Several  limiting  cases  are  of  special 


The  value  of  t hi-  parameter  p  characterizes  the  initial  conditions,  and 
certain  values  are  of  particular  interest.  For  example,  the  value  p  “  1 
results  In  f,  ( t  )  being  zero  for  all  t.  Physically,  this  corresponds  to  a 
svstem  already  in  a  stationary  state  at  the  beginning,  so  that  no  change  is 
observed  in  the  various  concentrations.  This  interpretation  is  most  easily 
seen  from  an  alternate  expression  for  q: 


p  * 


f2k „\2 


11/2 


(Al .9) 


(v  z  -  Kx  \ 

^  o  o  O f 

...  . . .  ratio  k^/k&  ^ 

photolysis  ( k^x() )  exactly  balances  the  initial  rate  of  NO2  production  due  to 


In  which  K.  denotes  the 


If  the  initial  rate  of  N(>2  loss  due  to 


1 
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reaction  B  the  Initial  state  la  already  stationary  and  no  change 

occurs.  Clearly,  If  these  two  expressions  are  equal,  u  •  1  from  Eq.  A1.9. 

From  the  definition  and  properties  of  X  and  0,  it  is  seen  that  ^  >  0. 
As  Eq .  A1 .9  indicates,  values  less  than  unity  correspond  to  initial  situations 
that  are  deficient  in  Nf>2  (KxQ  <  y0zQ),  and  values  greater  than  unity 
correspond  to  Initial  situations  in  which  there  Is  excess  Nf>2  (Kxo  >  y0z0). 
The  limiting  case  u  •  0  in  somewhat  pathological  In  that  both  numerator  and 
denominator  in  Eq .  A1  .8  approach  zero.  Accordingly,  care  must  be  taken  in 
evaluating  the  limit,  but  when  this  is  done  the  expression  for  f(t)  becomes: 

f-(t)  “(^(rrT7?)  (u ' n)  (A1-l,,) 


Physically,  this  corresponds  to  the  Initial  situation  in  which  yQ  *  z^  (equal 
initial  concent  rat  ions  of  NO  and  Oj)  and  in  which  kA  «  0  (zero  ambient  light 
intensity,  and  therefore  no  NO2  photolysis).  This  Is  most  easily  seen  by 
observing  that  these  are  the  only  conditions  under  which  X,  and  therefore  p, 
can  be  zero.  A  special  case  of  this  situation  is  that  In  which  both  yQ  and  zQ 
are  zero,  in  which  case  0-0  also  and  £(t)  ■  0  for  all  t.  This  corresponds 
to  the  initial  presence  of  NO2  only,  and  in  the  absence  of  light,  the  system 
remains  unchanged. 


The  other  limiting  case  of  special  interest  is  that  in  which  t 
approaches  Infinity.  The  limiting  value,  denoted  by  C88  in  anticipation  of 
its  identification  as  a  steady  state  value,  is  given  by: 


(Al.ll) 


for  all  possible  values  of  0  and  p.  Substitution  of  this  value  into  Eq .  AI.3, 
followed  by  a  small  amount  of  algebraic  manipulation,  shows  that  for  £  *  ^ss* 
d^/dt  «  0  and  no  subr.--,  nt  change  occurs,  l.e.,  a  stationary  state  exists  in 
which  the  production  and  loss  rates  of  all  substances  are  zero  and  in  which 
the  concentrations  are  related  by: 

1X0110,1 

I - InoJT  •  K 

as  can  be  seen  from  Eq.  Al.2. 

The  rate  at  which  the  system  approaches  a  stationary  state  is  of 
considerable  practical  interest.  It  can  be  shown  from  Eq.  A1.8  that  after  a 
sufficiently  long  time  (with  £(•)  -  limC(t)  *  £#s) : 

— *>A(u) 


( A 1  »-l  2  ) 


(U  >  0) 


(Aim  13a) 
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where  A(p)  Is  a  coefficient  dependent  on  p,  and 

(p  *  0) 


g»)  -  go 


-*>  1  *  -jflt 


(A1 .13b) 


Thus,  for  p  >  0  the  stationary  state  Is  eventually  approached  exponentially 
with  a  time  constant  (relaxation  time  )  of  l  ■  1  .  For  p  -  0,  a  time  con¬ 

stant  o;-  relaxation  time  in  the  usual  sense  cannot  be  defined,  since  the 
approach  to  stationary  state  is  never  exponential.  Equatton  A1 .6  provides  an 
expression  for  t~*  in  terms  of  the  initial  conditions.  Alternate  expressions 
for  \  or  t~ *  are : 


X 


-1 


B^ss 


( A1 .14a) 


and 


X  -  -  kA  +  kB(y98  ♦  Zjl8)  ( Al  .14b) 

Expression  A 1 -14b  Is  the  one  cited  in  Sec.  3.1.3  of  this  report.  A  plot  of  t 
versus  (yBg  ♦  zgg )  was  given  in  Fig.  3.4. 
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APPENDIX  2 

DIFFERENT  METHODS  OF  AVERAGING  AND  COMPUTING 
VARIANCES  OF  WIND  VELOCITY  VECTORS 


Given  a  horizontal  wind  velocity  vector  denote  the  (standard 
meteorological  convention)  wind  direction  angle  by  0  and  the  wind  speed  by  V, 
the  magnl'ude  of  Define  a  coordinate  system  In  which  the  positive  x-axis 
is  directed  towards  the  east  and  the  positive  y-axls  towards  the  north.  Then 
the  components  of  are  given  by: 


-  V  sin  8 


(A2.1) 


Vy  -  -  V  cos  8 


(A2.2) 


Assume  that  a  sequence  of  values  of  9  and  V  has  been  measured,  9j,  V^ 
for  1-1  to  N,  and  that  it  is  desired  to  compute  a  mean  and  variance  about  the 
mean.  At  least  two  different  procedures  may  be  employed.  The  first  and 
simplest  Is  to  compute  the  scalar  mean  wind  speed  and  direction  by  averaging 
the  speeds  and  directions  independently  of  each  other;  denoting  these  scalar 
averages  by  V  and  9,  we  have  for  V  the  equation: 


N 


v  -  -  y 

N  i-i 


(A2.3) 


he  mean  wind  direction  is  obtained  by  averaging  the 

nit  vector  in  the  direction  Oj  and  by  obtalni..„  .  _ _ 

omponents.  Denoting  the  average  x-  and  y-components  by  u  and  u  , 

*  y 

•  i  I  (-sine  ) 


x  and  y  components  of  a 
obtaining  9  from  the  average 
■x  ~y,  we  have: 

(A2.4) 


«v  -  i  I  <- 


cos 9  ) 


(A2.5) 


tan-1 (ux/uy) . 


(A2.6) 


The  corresponding  variances  are  obtained  in  the  usual  way: 


tt%2 


”v  •  R  I  <’,-*> 


(A2.7) 


°1  •  i  ?  (9i  •  9)2 


(A2.8) 
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where  » s  -  0  must  be  adjusted,  by  addition  or  subtraction  of  360°,  so  that  It 
lies  In  the  range  from  -180°  to  +180°. 

The  second  procedure  Is  far  more  suitable  for  use  In  the  analysis  of 
air-pollutant  transport  and  dispersion  because  It  takes  proper  account  of  the 
vectorial  nature  of  the  wind  velocity.  The  average  velocity  vector  <tf>  is 
defined  by: 


<*>  "  I 

1 


(A2.9) 


so  that  the  corresponding  x-  and  y-components  may  be  computed  from  the 
measurements  as  follows: 


-  i  l  (-VlnV 


(A2.10) 


<tf>y  -  £  X  (-V1COS0i) 


(A2.ll) 


The  vector  mean  wind  speed  Vyec  Is  by  definition  the  magnitude  of  <$>,  and  is 
Riven  by: 


V  « 

vec  X  N,,y 


(A2.12) 


The  vector  mean  wind  direction  0yec  Is  by  definition  the  direction  of  <\T>,  and 
is  given  by: 


tan-1  <tf>  /  <tf>„ 

*  y 


(A2.13) 


The  concept  of  variance  In  the  case  of  a  vector  quantity  Is  similar  to  that  in 
the  scalar  case  except  that  the  square  of  the  difference  between  an  Individual 
value  and  the  mean  Is  replaced  by  the  scalar  (dot)  product  with  Itself  of  the 
difference  between  an  individual  vector  and  the  mean  vector.  The  vector 
difference  Is  given  by: 


-  <f> 


(A2.14) 


and  the  total  variance  Oj  nay  be  conputed  fron: 

4  -  i  l 


.  1 1 
*  7 


-  **  -J-*  . 
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■  s  £  |i,  -  <f>,)J  *  (v  -  <*>,)* 

It  Is  useful  to  resolve  into  components  Associated  with  variations 
In  velocity  parallel  and  perpendicular  to  the  Man  velocity.  Figure  A2.1 
Illustrates  the  situation.  In  that  figure,  and  (AVjlj  denote 

components  of  parallel  and  perpendicular  to  <if>,  respectively,  and  fl(  and 
denote  unit  vectors  parallel  and  perpendicular  to  <$>  so  that  Qj,  0(  and  t 
(a  unit  vector  In  the  vertical  direction)  together  comprise  a  right-handed 
Cartesian  coordinate  system.  The  parallel  and  perpendicular  components  are 


given  by: 

(AVi)|  -  cos*  (A2.16) 

(iVi)1  -  | |  sin*  (A2.17) 

The  perpendicular  comp>  nent  Is  also  given  by  the  alternate  expression 

(AVi)l  -  V1sln(81  -  0V<C)  (A2.18) 

-  (V1sln8,)cos6vec  -  (V^osejlslnfl^  (A2.19) 

The  total  variance  may  be  written: 


°T-5  S  UV,)}  .i  If**/, 


-  o^  ♦  (A2.20) 

since  fl(  and  are  perpendicular.  Expansion  of  using  Eq.  A2.19  and 

substitution  Into  the  definition  of  o2  yields: 

°21  “  w,2?vec  •  i  I  (V^iny2 

-  2coa?wec  .  i  £  (V^slne^os^) 

♦  sln^e  vec  •  5  ^  (V^os^)2  (A2.21) 

The  total  variance  may  also  be  written,  from  Eq.  A2.I5: 


Mg.  A2.1  foetoro  Uaod  in  tho  Confutation  of  Varlancaa 
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APPENDIX  3 

INSTRUMENT  RESPONSE  EPPECTS 


If  variations  In  the  value  of  some  measured  quantity  occur  over  time 
intervals  shorter  than  or  comparable  to  the  responae  time  of  the 
instrumentation  used  in  the  measurements ,  the  output  of  that  Instrumentation 
will  not  faithfully  reproduce  the  input.  For  some  purposes,  it  is  necessary 
to  understand  under  what  conditions  such  effects  can  become  Important  and  to 
know  how  to  make  the  appropriate  corrections.  This  appendix  contains  a  brief 
introductory  discussion  of  some  of  the  simpler  aspects  of  this  issue;  for  more 
detailed  Information,  the  references  given  at  the  end  of  the  appendix,  or 
other  texts  dealing  with  communication  theory,  may  be  consulted.  Kanasewlch 
(1975)  discusses  the  subject  from  the  particular  point  of  view  of  its 
application  to  geophysical  measurements. 

Denote  the  input  signal  to  a  measurement  device  by  x(t)  and  the  output 
(the  response  of  the  device  to  the  input  signal)  by  y(t).  Then,  if  the 
response  is  linear,  y( t )  is,  in  general,  given  by: 

y(t)  - J  w(t')  x(t  -  t*  )dt'  (A3 . 1 ) 


in  which  w(t)  denotes  the  instrument  response  function  and  is  simply  the 
Instrument  response  to  a  unit  Impulse  (Dirac  delta  function)  input.  The 
response  function  may  be  found  in  principle  if  the  response  to  a  unit  step 
input  is  known;  a  unit  step  input  is  defined  by: 


‘ua(t> 


0  for  t  <  0 
1  for  t  >  0 


(A3. 2) 


Por  example,  if  the  response  to  a  unit  step  is  known  to  be  exponential: 


yu.(t)  »  t  -  exp(-t/t) 


t  hen : 


1  -  exp(-t/t  ) 


/; 


w(t’)x  (t  -  f)  dt ' 

us 


(A3. 3) 


Differentiating  both  sides  with  respect  to  t  and  using  the  fact  that 
d(xus(t  ~  t')]/dt  •  5(t  -  t’)  results  in: 
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-  exp  ( - t / t ) 


)  4(t  -  t')df  »  w(t) 

using  the  properties  of  6(t  -  t')  and  assuming  that  t  >  0. 


(A3. 4) 


Due  to  causality,  we  must  require  w(t)  ”  0  for  t  <  0;  l.e.  the  effect 
cannot  precede  the  cause.  Thus,  the  response  function  for  such  an  Instrument 
is: 


v(t) 


i  exp(-t/t)  t  >  0 

0  t  <  0 


(A3. 5) 


Throughout  the  rest  of  this  brief  discussion.  It  will  be  assumed  that  the 
response  of  any  device  under  consideration  la  exponential. 

The  total,  time-integrated  signal  Is  often  of  Interest  also,  and  It  Is 
desirable  to  require  the  time-integrated  output  to  equal  the  time-integrated 
Input,  even  If  the  individual  values  are  not  equal: 


/- 


y( t )dt 


x(t)dt 


(A3. 6) 


Integration  of  Eq .  A3 . 1  shows  that  in  order  to  satisfy  this  relation,  we  must 
require  that  the  response  function  la  normalized  so  that  Its  integral  is 
unity: 


/. 


v(t)dt  »  1 


(A3. 7) 


This  requirement  Is  satisfied  by  the  form  given  In  Eq .  A3. 5. 


Using  Eqs.  A3. 1  and  A3. 5,  the  Instrument  response  to  a  variety  of 
special  input  signals  can  be  calculated. 


1  .  Gaussian  pulse. 


(A3. 8) 


(A3. 9) 


with  the  error  function  erf(z)  and  complementary  error  function  erfc(s) 
defined  by: 
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erfc(z)  *  1  -  erf (t) 


erf (t) 


/«  Jo 


exp(-t  )dt 


Denote  c  “  — — — — ,  a  •  end  Y(c)  “  /T«ay<t);  then: 

</2a  /2t 

Y(c)  •  /*aexp[(a  -  c)2  -  t2]erfc[a  -  cl 


(A3. 10) 


Figure  A3.1  shows  a  plot  of  Y(0  veraua  C  for  varloua  values  of  o.  As  the 
figure  shows,  visible  distortion  of  the  Input  signal  (which  Is  the  same  as  the 
output  signal  for  the  Halting  value  a  •  •)  begins  to  occur  for  a  about  equal 
to  five,  or  for  signals  with  standard  deviations  a  about  equal  to  5/1’t,  or 
7.07t.  For  narrower  signals,  the  distortion  becomes  more  pronounced.  As 
Implied  above,  the  distortion  Is  In  principle  unimportant  if  a  time-averaged 
signal  is  the  significant  quantity,  rather  than  the  details  of  the  shape  of 
the  pulse,  since  F.q.  A3. 6  Is  satisfied  (assuming  the  Interval  of  integration 
is  much  larger  than  a). 

2.  Diffuse  unit  step  Increase. 


x(t)  -  -  1  ♦  erf 


fei  ■  >  [■ 


1  ♦  erf ( O 


( A3 . 1 1 ) 


Note  that  In  the  limit  as  o  approaches  *ero,  x(t)  as  given  in  Eq .  A3 .  II 
approaches  the  unit  step  Input  *UB(t  “  t0);  the  quantity  a  parameterizes  the 
“dlffuseness”  of  the  step. 


y(t)  -  y  £l  ♦  erf(c)  "  yr  Y(C)J 


(A3. 12) 


where  Y(c)  Is  the  function  Introduced  In  the  previous  example,  and  a  ■  olJlx 
as  before. 


3.  Diffuse  unit  step  decrease . 


x(t)  “  1  -  (case  2  input) 


x(t)  -  |  *  «rf (c)J 


(A3. 13) 


1 47 


Then  y(t) 


(case  2  output) 


y(t)  -  ~ 


i  -  erf(c)  +  —  Y(t) 

a 


(A3. 14) 


The  expressions  given  in  Eqs.  A3 . 1 2  and  A3. 14,  multiplied  by  scale 
factors  ym  and  and  augmented  by  a  baseline  value  yQ,  were  used  In  the 

analysis  of  the  Instrument  response  experiments  described  In  Sec.  2.1.2  (see 
Eqs.  2.4  and  2.5  In  that  section). 


It  Is  desirable  to  have  a  method  for  correcting  measured  data  for 
instrument  response  effects  when  such  effects  are  significant.  We  will  be 
concerned  only  with  the  usual  case  in  which  discrete  measurements  made  at 
uniform  time  intervals  are  available  and  are  to  be  corrected.  Denote  the 
times  at  which  measurements  were  made  by  tj  ,  the  time  Interval  by  5t ,  and  the 
correspond! ng  data  values  by  y^ .  In  general,  yt  la  given  by: 
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t '  )  x( t 


t')dt’ 


(A3. 15) 


where  the  lower  integration  limit  has  been  extended  to  -®,  a  valid 
manipulation  since  w(t)  *  0  for  t  <  0.  An  Important  point  la  that  the  values 
of  x(t)  for  al  1  times  earlier  than  t^  contribute  to  yt .  However,  the  usual 
formalism  associated  with  the  analysis  of  time  sequences  deals  with 
expressions  for  yt  of  the  form: 
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(A3. 16) 


which  refers  to  Input  signal  valuea  at  discrete  Instants  of  time.  Equation 
A3. 15  may  be  put  Into  a  form  that  resembles  Eq.  A3. 16  by  breaking  the 
integration  Interval  up  into  segments  of  length  5t  centered  on  the  points  tj, 
which  sre  given  by: 

tt  *  t0  ♦  i  <5 1  (A3.17) 

After  some  manipulation,  the  expression  for  y^  given  by  Eq.  A3. 15  becomes: 
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(A3. 18) 


where  Xj^ 


Is  defined  by: 
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(A3. 19) 


and  represents  a  weighted  average  of  x(t)  in  the  interval  centered  on  t^.^. 
For  an  exponential  response  (and  only  an  exponential  response),  the  quantity 
in  square  brackets  In  Eq .  A3. 19  Is  independent  of  the  Index  k,  and  x^.^  1.8  in 
fact  a  well-defined  average  value  very  nearly  equal  to  the  arithmetic  average 
for  small  values  of  6t/r.  Assuming  an  exponential  response,  yt  is  given  by: 


yi"?Vi-k  (A3*20) 
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w^  *  ^^i-^exp  ^-k~^  ( A3 .21) 

and 

Vk  - 1 J  t  exp(-  7  %)  ^i-k  -  (A3-22) 

If  x(  t )  is  constant  in  the  interval  around  tj.^,  then  it  is  easy  to  show  that 
Xj_k  differs  from  that  constant  value  by  a  factor  depending  only  on  the  value 
of  the  rat lo  it  /  t  : 


(A3. 23) 


The  value  of  the  right-hand  side  is  1.000  exactly  for  St/r  m  0,  1.010  for  fit/i 
-  o.S,  1.042  for  fit/t  *  1.0  and  1.175  for  fit/t  »  2.0. 


The  above  discussion  shows  that  one  can  obtain  only  average  values  of 
x ( t )  over  the  sampling  interval  fit.  Given  the  measurements  yj  and  knowledge 
of  the  response  function,  it  is  possible  to  determine  the  values  *j_|<  by 
inverting  Kq.  A3. 20.  Reference  should  be  made  to  Kanasewlch  (1975)  or  an 
equivalent  text  for  a  discussion  of  the  various  procedures  available  to  carry 
out  this  task.  One  in  effect  writes  x^  as  a  linear  combination  of  the  yj  and 
determines  the  coefficients  in  such  a  way  as  to  either  satisfy  Eq.  A3. 20 
exactly  or  to  minimize  the  error  involved.  In  the  case  of  exponential 
response,  the  result  is  actually  very  simple  compared  to  that  for  any  other 
realistic  response  function,  and  is  given  by: 
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xk  "  \St/*yk.  "  yk-leXp(_at/T>*  (A3. 24) 
Equation  A3. 24  was  used  to  correct  the  digitized  data  from  the  O'Hare  study 
for  instrument  response  effects  using  the  response  times  given  In  Table  2.2, 
Sec.  2.1.2,  and  the  sampling  Interval  of  (very  nearly)  one  second. 
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